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 Abstract 
Transition metals such as Mo or W can form interstitial carbides and related 
interstitial formulations by occlusion of atoms such as C*, H*, O* and N*. Diverse 
combinations of bulk and surface stoichiometries catalyze a multitude of reactions 
ranging from entirely metallic hydrogenolysis and (de)hydrogenation to entirely 
acidic dehydration. Transition metal carbides exhibit extreme oxophilicity, and 
oxygen-modification results in persistent suppression of metallic characteristics 
and genesis of acidic properties. The carbidic penchant for cleaving C-O bonds 
makes these formulations promising catalysts for hydrodeoxygenation or COx 
activation chemistries. Bulk structure and catalytic function modification resulting 
from varied synthesis and reaction conditions necessitates in situ studies to 
quantify the effects of catalyst evolution. 
Isopropanol (IPA) and acetone reactions with and without O2 co-feed at 354 - 
430 K were used to quantify the effects of surface oxidation on acidic and metallic 
characteristics of MoCx and WCx catalysts including a-Mo2C, b-Mo2C, WC, and 
W2C. Exposure of a freshly synthesized carbide to O* (O2, IPA or acetone) initiated 
suppression of metallic and basic functionality (de/hydrogenation and carbonyl 
condensation, respectively). Dehydration rates per gram could be reversibly tuned 
by over an order of magnitude using an O2 co-feed over MoCx and WCx catalysts 
by reversibly creating Brønsted acid sites on the carbide surface without altering 
bulk carbidic structure as evinced by X-ray diffraction. Oxidation decreased surface 
areas by an order of magnitude from ~68 to 9 m2 g-1. MoCx and WCx catalysts 
exhibited IPA-saturated surfaces with zero-order dependence upon IPA pressure 
 vi 
from 0.05 – 5 kPa, and intrinsic activation energies over all MoCx and WCx 
catalysts under all reaction conditions ranged from 89 – 116 kJ mol-1. Brønsted 
acid site densities were assessed using in situ 2,6-di-tert-butylpyridine (DTBP) 
titrations; DTBP-normalized turnover frequency (TOF) values for MoCx and WCx 
catalysts were all within the range of 0.07 – 0.31 propylene s-1 (DTBP site)-1 while 
dehydration rates per gram varied by nearly two orders of magnitude. IPA 
dehydration proceeded via an E2 elimination mechanism limited by β-hydrogen 
scission as evinced by a kinetic isotope effect (KIE) of ~1.8. Carbonyls (acetone 
and propanal) are deoxygenated over H2-activated Mo2C via sequential C=O 
hydrogenation to equilibrium and subsequent rate-determining IPA dehydration 
over Brønsted acid sites at 369 K that is kinetically independent of H2 pressure 
from 10 – 82 kPa.  
Mo2C catalyzes propane dehydrogenation and hydrogenolysis with >95% 
selectivity to dehydrogenation in absence of H2, >95% selectivity to hydrogenolysis 
to CH4 with H2 co-feed, or >80% selectivity to CO via reforming with H2/CO2 co-
feed at 823 K. The fraction of oxidized (O*) and carbidic (*) catalytically active 
surface sites can be assessed from measured effluent PCO2/PCO ratios due to an 
established reverse water gas shift equilibrium under steady state reaction 
conditions. Dehydrogenation rates can be quantitatively described using a two-site 
reverse Horiuti-Polyani mechanism over three distinct site pairings: (i) O*-O*, (ii) 
O*-*, and (iii) *-*, as evidenced by distinct dehydrogenation rate constants and 
activation energies in absence of co-feed, in presence of CO2 co-feed, and in 
 vii 
presence of combined H2/CO2 co-feed. O*-* site pairs exhibited the highest 
dehydrogenation rate constant per gram of catalyst (kO*-* = 0.078 µmol s-1 gcat-1 
kPaC3H8-1 > kO*-O* ~ k*-*). Propane dehydrogenation can be used as a probe to 
rigorously model transient evolution of the extent of surface oxidation and to extract 
kinetic dehydrogenation rate constants with near quantitative agreement with rate 
parameters obtained from steady state modeling (kO*-* = 0.065 µmol s-1 gcat-1 
kPaC3H8-1). 
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 1 
CHAPTER 
ONE 
1. AN INTRODUCTION TO TRANSITION METAL CARBIDE 
CATALYSIS 
 
1.1 Motivation 
Transition metal carbides that have been shown to catalyze 
hydrogenolysis,1,2 hydrogenation,2–8 and isomerization9–12 reactions and to exhibit 
both metallic and acidic characteristics are now finding applications in 
electrocatalytic hydrogen evolution (HER)13–15 and hydrodeoxygenation (HDO) of 
biomass-derived oxygenates to fuels and chemicals.16–26 The surface and bulk 
structure and composition of interstitial transition metal carbides is often non-
stoichiometric due to occlusion and release of C, O, and H atoms as functions of 
synthesis and reaction conditions, and the oxophilicity of transition metal carbides 
can cause drastic changes in structure and reactivity in presence of any 
oxygenated compound (e.g. biomass-derived oxygenates or CO2)27,28. The unique 
opportunities to concurrently deoxygenate biomass-derived species or CO2 and 
activate alkanes afforded by the diverse catalytic functionalities of transition metal 
carbides are often overshadowed by inconsistencies that arise from structural and 
subsequent catalytic functional variation. This dissertation attempts to understand 
the catalytic consequences of altered synthesis and reaction conditions through 
the use of probe reactions, including isopropanol dehydration and propane 
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oxidative dehydrogenation, as the basis for a kinetic and mechanistic framework 
that can be used to characterize the working catalyst surface in situ under transient 
and steady state conditions. 
1.2 Catalytic deoxygenation on transition metal carbide catalysts  
 In chapter two, we discuss the evolution of catalytic function of interstitial 
transition metal formulations as a result of bulk and surface structure modifications 
via alteration of synthesis and reaction conditions, specifically, in the context of 
catalytic deoxygenation reactions. We compare and contrast synthesis techniques 
of molybdenum and tungsten carbides, including temperature programmed 
reaction and ultra-high vacuum methods, and note that stoichiometric reactions 
may occur on phase-pure materials and that in situ surface modification during 
deoxygenation likely results in the formation of oxycarbides. We surmise that 
catalytic metal-acid bifunctionality of transition metal carbides can be tuned via 
oxygen modification due to the inherent oxophilicity of these materials and we 
demonstrate the use of in situ chemical titration methods to assess catalytic site 
requirements on these formulations. 
1.3 Structure and site evolution of molybdenum carbide catalysts upon 
exposure to oxygen 
In chapter three, we report the effects of oxygen exposure upon 
molybdenum carbide catalysis using isopropanol reactions to probe the nature of 
the catalyst surface. Initial exposure of a freshly synthesized carbide to an oxygen 
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source, either O2 or isopropanol, initiated suppression of metallic and basic 
functionality in the form of dehydrogenation and carbonyl condensation, 
respectively. Oxygen modification also resulted in concurrent augmentation of 
acidic functionality. Acid site densities could be reversibly tuned by a factor of ~30 
using an O2 co-feed, which reversibly creates Brønsted acid sites on the carbide 
surface without altering the bulk crystal structure of 2-5 nm Mo2C crystallites. 
Unimolecular isopropanol (IPA) dehydration at 415 K, a probe reaction, occurred 
on Brønsted acid sites of these oxygen-modified carbides with an intrinsic 
activation energy of 93 ± 1.3 kJ mole-1 via an E2 elimination mechanism with a 
kinetically relevant step of β-hydrogen scission. Site densities were estimated via 
in situ 2,6-di-tert-butylpyridine (DTBP) titration and used to calculate a turnover 
frequency (TOF) of 0.1 s-1, which was independent of site density. Chapter three 
highlights how oxygen co-processing allows for facile in situ tunability of acidic and 
metallic sites on highly oxophilic metal carbides.  
1.4 Acid site densities and reactivity of oxygen-modified transition metal 
carbide catalysts 
Chapter four describes investigation into the similarities and differences of 
transition metal carbides of Mo and W, specifically with respect to the effects of 
oxygen modification upon catalyst structure and acidic functionality. Acidic 
properties of β-Mo2C, α-Mo2C, W2C, and WC were quantified by assessing the 
kinetics of isopropanol (IPA) dehydration at 415 K either (i) under inert He/Ar 
atmosphere, or (ii) with 13 kPa O2 co-feed. Dehydration kinetics were zero-order 
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with respect to IPA for all catalysts and under all reaction conditions. Intrinsic 
activation energies were similar across all catalysts (89 – 104 kJ mol-1). Acid site 
densities calculated via in situ 2,6-di-tert-butylpyridine (DTBP) titration were used 
to normalize dehydration turnover frequencies (TOF). O2 co-feed increased 
dehydration rates per gram by an order of magnitude for all catalysts tested, but 
TOF remained invariant within a factor of ~2. Mo and W based carbides showed 
similar dehydration kinetics regardless of O2 co-feed, and O2 co-feed did not alter 
bulk carbidic structure as noted by X-ray diffraction. In chapter four, we discuss 
how Brønsted acid site provenance results from the oxophilicity of Mo and W 
carbides.   
1.5 Acidic properties of activated molybdenum oxide catalysts 
Chapter five discusses acidic properties of activated MoO3 catalysts using 
kinetic measurements and analysis developed in chapters three and four. 
Pretreatment of MoO3 entailed 12 h of H2 or O2 flow at temperature of 573 – 873 
K for 12 h. H2-reduced MoO3 catalysts exhibit Brønsted acidity as probed via 
chemically selective DTBP titration experiments, and IPA dehydration kinetic 
measurements were used in an attempt to compare acid site densities and 
identities as a function of pretreatment protocols. This work demonstrates that (i) 
H+ sites exist on MoOx catalysts, (ii) reductive pretreatment alters the number of 
H+ sites present on MoOx catalysts, and (iii) the electronic and structural changes 
induced by varied H2 reductive pretreatments result in changes in the nature of 
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acidic active sites as is evinced by an order of magnitude variation in DTBP-
normalized TOF. Variations in reduction pretreatment temperature minimally 
affected dehydration kinetics as quantified by a zero-order dependence upon IPA 
pressure and activation energy (97 – 116 kJ mol-1). MoOx catalysts exhibit IPA 
surface saturation with partial pressures as low as 0.044 kPa in conjunction with 
zero-order dehydration kinetics to propylene. Propylene TOF values, normalized 
by site densities estimated by in situ DTBP chemical titrations, varied over an order 
of magnitude (~ 0.01 – 0.96 propylene s-1 (DTBP site)-1) as a function of 
pretreatment temperature and exhibited a local maximum when reduced at 673 K. 
Similarities between IPA dehydration kinetics over O*-MoCx catalysts and H2-
reduced MoOx catalysts implicate possible similarities in the nature of active sites 
over both classes of catalysts. 
1.6 Acetone hydrodeoxygenation over bifunctional metallic-acidic 
molybdenum carbide catalysts 
In chapter six, we discuss how metallic-acidic bifunctionality of molybdenum 
carbidic catalytic formulations can be tuned by oxygen co-feed and reductive 
pretreatments to control carbonyl hydrodeoxygenation (HDO). Acetone is 
deoxygenated over activated Mo2C via sequential hydrogenation of acetone to 
equilibrium and subsequent dehydration of isopropanol (IPA). Dehydration to 
propylene occurs over Brønsted acid sites with an intrinsic activation energy of 103 
± 1 kJ mol-1 and a rate-determining step of β-hydrogen scission as inferred by a 
kinetic isotope effect (KIE) of 1.85. HDO rate-determining dehydration rates were 
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kinetically independent of H2 and oxygenate pressure from 10 – 82 kPa and 0.05 
– 4 kPa, respectively. Both the kinetics and deoxygenation reaction pathway were 
shown to be similar for the aldehyde group of propanal. Oxygen treatment of 
activated carbides via 13.5 kPa O2 co-feed was shown to decrease catalyst 
surface area from 68 to 9 m2 g-1 and to suppress metallic hydrogenation of acetone 
to IPA. IPA dehydration rates per gram of catalyst could be altered by a factor of 
~60; longer activation time under H2 flow at 773 K increased dehydration activation 
energies from 103 – 140 kJ mol-1, decreased Brønsted acid site densities, and 
decreased 2,6-di-tert-butylpyridine-normalized dehydration turnover frequencies, 
indicative of a reduction-induced change in the number and nature of the acid sites.  
1.7 Propane-CO2 reactions on molybdenum carbide: dehydrogenation 
kinetics and chemical transients mediated by evolution in oxygen 
coverage 
In chapter seven, we investigate the catalytic conversion of propane in 
presence of H2 and CO2 co-feeds in relation to oxidative dehydrogenation using 
CO2. Mo2C catalyzes propane dehydrogenation and hydrogenolysis with >95% 
selectivity to dehydrogenation in absence of H2, >95% selectivity to hydrogenolysis 
to CH4 with H2 co-feed, or >80% selectivity to CO via reforming with H2/CO2 co-
feed at 823 K. The catalyst surface can be characterized as being entirely 
comprised of oxidized (O*) or carbidic (*) sites. The fraction of oxidized surface 
sites, O*, in relation to the carbidic surface sites, *, can be assessed from 
measured PCO2/PCO ratios due to an established reverse water gas shift equilibrium 
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under steady state reaction conditions. Dehydrogenation rates can be 
quantitatively described using a two-site reverse Horiuti-Polyani mechanism over 
three distinct site pairings: (i) O*-O*, (ii) O*-*, and (iii) *-*, as evidenced by distinct 
dehydrogenation rate constants and activation energies in absence of co-feed, in 
presence of CO2 co-feed, and in presence of combined H2/CO2 co-feed. O*-* site 
pairs exhibited the highest dehydrogenation rate constant per gram of catalyst (kO*-
* = 0.078 µmol s-1 gcat-1 kPaC3H8-1 > kO*-O* ~ k*-*). Propane dehydrogenation can be 
used as a probe to rigorously model transient evolution of the extent of surface 
oxidation and to extract kinetic dehydrogenation rate constants with near 
quantitative agreement with rate parameters obtained from steady state modeling 
(kO*-* = 0.065 µmol s-1 gcat-1 kPaC3H8-1). 
1.8 Future directions 
Chapter eight explores new possible research directions based off of the 
work reported in this dissertation. We suggest the investigation of hydrogenolysis 
vs. bifunctional metallic/acidic HDO pathways of oxygenates over oxygen-modified 
transition metal carbides, and we propose the use of alkylamines to quantify the 
similarities and differences of Lewis and Brønsted acidic properties across oxygen-
modified transition metal carbides as well as activated oxides. We also propose 
the study of carbide-catalyzed alkane oxidative dehydrogenation using the 
dehydrogenation probe reaction framework developed in chapter seven as well as 
using biomass-derived oxygenates as a source of O*. Finally, we offer some 
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preliminary results related to propane and ethane scission over O*-Mo2C in order 
to hypothesize the mechanistic pathways of alkane C-C scission that are active 
over oxygen-modified carbides. 
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CHAPTER 
TWO 
2. CATALYTIC DEOXYGENATION ON TRANSITION METAL 
CARBIDE CATALYSTS 
 
*Reproduced from Catalysis Science & Technology, Vol 6, Mark M. Sullivan, Cha-Jung 
Chen, and Aditya Bhan, 2016, “Catalytic deoxygenation on transition metal carbide 
catalysts,” Pages 602-616, with permission from the Royal Society of Chemistry. 
2.1 Introduction 
 Transition metal carbides that have been shown to catalyze 
hydrogenolysis,1,2 hydrogenation,2–8 and isomerization9–12 reactions and to exhibit 
both metallic and acidic characteristics are now finding applications in 
electrocatalytic hydrogen evolution (HER)13–15 and hydrodeoxygenation (HDO) of 
biomass-derived oxygenates to fuels and chemicals.16–26 These interstitial 
compounds29 display extensive non-uniformities, including distinct binding sites,30–
35 thermodynamically stable surfaces with varying terminations,36 and non-
stoichiometric compositions in the ratios of transition metal, C, and O both in the 
bulk and surface structures8,37 (Scheme 2.1) as evinced by spectroscopic and 
mechanistic studies of specific reaction systems, ultra-high vacuum surface 
science studies, and computational calculations.  HDO of lignocellulosic or 
triglyceride-based biomass requires selective cleavage of strong carbon-oxygen 
bonds (>385 kJ mol-1)38 without successive hydrogenation and/or undesired C-C 
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scission. Severe reaction conditions such as high temperature (~700 K) and high 
hydrogen pressures (1–10 MPa) are often employed for HDO reactions using 
noble metal catalysts, resulting in the loss of carbon and/or excess use of hydrogen 
in concurrent decarboxylation, hydrogenation, and hydrocracking reactions.38–41 
The coexistence of metallic and acidic functionalities on transition metal carbides 
is attractive for HDO as it has been noted that the presence of oxygen on/in 
carbides can simultaneously inhibit the metallic function and enhance acidic 
character,7,10–12,42 which potentially allows for selective deoxygenation at ambient 
pressure and low temperatures (420–553 K). 
 In this perspective, we focus on HDO chemistries over transition metal 
carbides, specifically, the characteristics that result in selective deoxygenation, 
and we discuss the tunability and evolution of the catalytic function from 
monofunctional metallic to bifunctional metallic–acidic to monofunctional acidic in 
the reaction environment in context of structural/compositional variation in carbidic 
formulations as a result of synthesis and/or reaction conditions. This work primarily 
discusses molybdenum carbidic formulations while emphasizing similarities and 
denoting differences between molybdenum- and tungsten-carbidic catalysts. We 
highlight the necessity to incorporate transient kinetic studies and in situ chemical 
titration to probe catalytic sites on transition metal carbides during HDO reactions 
due to the inherent structural variability of these carbidic catalysts. 
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Scheme 2.1. Catalytic reactions – including hydrogenolysis, hydrogenation, 
isomerization, and dehydration – that are catalyzed by carbidic and oxycarbidic 
molybdenum carbide formulations. 
2.2 Structure 
Transition metals such as molybdenum alter their structure by lattice 
expansion and concurrent incorporation of heteroatoms (C, O, N) into interstitial 
sites, typically the octahedral sites of a face-centered cubic (fcc) or hexagonal 
close-packed (hcp) lattice, as discussed in the extensive review on this topic by 
Oyama.43 Interstitial molybdenum compounds often form distorted, vacancy-dense 
structures.44 Metallic molybdenum and tungsten both adopt body-centered cubic 
(bcc) structures, and both can form analogous carbidic crystal structures.43 Stable 
molybdenum oxides such as MoO3 and MoO2 exist as layers of edge-sharing 
distorted MoO6 octahedra and distorted rutile structures with six-coordinated Mo, 
respectively. Interstitial carbide structures of varying bulk stoichiometries (MoCx, x 
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~0.5 – 1) have been reported.45 Most commonly reported are the structurally 
similar orthorhombic Mo2C and the hexagonally close-packed Mo2C, nearly 
indistinguishable using X-ray diffraction (XRD) analysis.46 
Metastable fcc MoC1-x (x ~0.5) has also been experimentally observed via 
XRD. Ledoux and co-workers47 synthesized an fcc oxycarbidic phase 
(MoO2.42C0.23H0.78) that was isostructural to other reported fcc carbides; the 
synthesis of this phase was attributed to the presence of metal vacancies that 
promote heteroatom mobility. De Oliveira also reported the thermodynamic 
stability of abundant vacancies within carbide formulations (~10% for both C and 
Mo vacancies) based on the implementation of a Helmholtz free energy 
minimization technique using density functional theory (DFT) optimized structures. 
These vacancies can facilitate heteroatom and hydrogen diffusion,48 partially 
explaining the structural variability of these interstitial formulations. 
The surface termination of synthesized interstitial molybdenum formulations 
also varies. Wang et al.36 used DFT to demonstrate the thermodynamically 
favorable surface terminations and crystal structures as a function of the 
carburizing potential of the synthesis gas environment. By minimizing calculated 
surface energy, Wang and coworkers investigated the 22 different surface 
terminations of the 7 low Miller index planes of orthorhombic Mo2C, demonstrating 
the large number of thermodynamically favorable surface terminations as a 
function of reaction or synthesis conditions, specifically noting the favorability of 
forming mixed Mo/C or C-terminated surfaces with increasing carburizing potential 
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in contrast to forming Mo-terminated surfaces under low carburizing potentials. 
These reports demonstrate that interstitial molybdenum structures are complex in 
and of themselves and that the bulk and surface structure of these formulations 
are a function of synthesis conditions; we discuss below the effects of surface 
termination on catalytic function.  
2.3 Catalyst synthesis, characterization, and surface science 
Sinfelt reported quasi-autocatalytic ethane hydrogenolysis on Mo-based 
formulations to occur via progressive Mo carburization at 668 K under flowing 
H2/C2H6.49 This work elegantly demonstrated the importance of both the surface 
and bulk crystal structures in relation to catalytic activity, and most importantly how 
in situ modification of structure and function arises during reaction. Oyama43 and 
Chen and co-workers17,50 extensively reviewed synthesis techniques of transition 
metal interstitial oxides, carbides, and nitrides as well as their reactivities, 
demonstrating the importance of reactor studies, DFT, and surface science in 
probing the effects of structure and surface termination upon reactions catalyzed 
by interstitial transition metal catalysts. We focus on recent experimental work 
investigating transition metal carbide catalytic formulations synthesized via two 
techniques: (i) in situ temperature programmed reaction (TPR) techniques used 
primarily in microreactor experimental studies, and (ii) in situ ultra-high vacuum 
(UHV) synthesis via carburization of Mo or W foils and the use of these 
formulations for catalytic deoxygenation.  
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2.3.1 Synthesis of transition metal carbide formulations via temperature 
programmed reaction   
The synthesis of self-supporting, high surface area (60-100 m2 g-1) 
molybdenum carbide catalysts using TPR was developed by Boudart and 
coworkers.51 Treating a Mo-oxide precursor under continuous H2/hydrocarbon flow 
of differing compositions during varying temperature ramp rates up to 1023 K or 
higher results in the synthesis of interstitial molybdenum carbide formulations of 
varying surface and bulk compositions.7,51 Djéga-Mariadassou and co-workers7 
demonstrated the progressive structural alteration of the oxide precursor during 
TPR via sequential synthesis, quenching, and X-ray diffraction (Figure 2.1). The 
crystal structure of the oxide precursor was noted to transform from molybdic acid 
to Mo4O11 to MoO2 to Mo to Mo2C, and these transformations were noted to involve 
sequential and occasionally simultaneous loss of lattice oxygen as H2O and lattice 
carburization via CH4. TPR syntheses for WCx catalysts are conducted under 
similar H2/hydrocarbon flow conditions with a tungsten oxide precursor, but final 
synthesis temperatures are typically higher and can be as high as 1273 K.23,24 
The structural changes observed are a function of thermodynamic 
potentials of the carburizing gas and H2 as discussed by Lee and coworkers 
(Figure 2.2) which can alter the deposition of polymeric surface carbon or the over-
reduction of the carbide to metallic Mo.51 Maintenance of a high surface area 
product is affected by both the thermodynamics and the kinetics of the TPR; 
avoiding overreduction and bypassing formation of metallic Mo is necessary to 
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overcome the propensity of Mo sintering due to its low Tammann temperature 
compared to that of the interstitial carbides, oxides, and nitrides.43 Difficulties in 
producing phase-pure carbides also arise from inability of the reductive H2 
atmosphere to completely remove oxygen from the Mo-oxide precursor, 
demonstrated by the inhibitive effect of residual oxygen on benzene hydrogenation 
observed by Djéga-Mariadassou and coworkers.7 
Mo2C syntheses via TPR-induced reductive removal of oxygen produce 
oxophilic carbide surfaces whose pyrophoric nature necessitates passivation prior 
to any ex situ characterization. Passivation is typically carried out using dilute O2 
flow at ambient temperature in order to oxidize the carbide surface without 
affecting the bulk crystal structure.16,51 Passivated catalysts demonstrate retention 
of bulk carbide structures as evinced by X-ray diffraction.7 However, passivation 
treatments oxidize the carbide surface structure, rendering difficulty in ascertaining 
the composition of the surface present under reaction conditions using ex situ 
surface characterization methods such as X-ray photoelectron spectroscopy 
(XPS) or Auger electron spectroscopy (AES).7 
Passivated catalysts are often placed under reductive pretreatment 
conditions prior to reaction for the purpose of ‘activation.’ Leary and coworkers37 
reported the mobility of catalyst heteroatoms, primarily oxygen and carbon, during 
activation treatments. Reductive pretreatments could not solely remove oxygen 
deposited during passivation without concurrently removing lattice carbon as 
evinced by CO and CO2 evolution during activation protocols; alterations in 
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heteroatom removal caused by varying activation protocols distinctly affected the 
rates of deactivation of carbide catalysts for ethylene hydrogenation.37 These 
studies demonstrate the difficulty in both synthesizing the desired catalytic 
molybdenum formulation and ascertaining the stoichiometry and uniformity of the 
catalyst surface in terms of Mo, O, or C terminations. 
 
 
Figure 2.1. X-ray diffractograms demonstrating the evolution of crystallographic 
structure of interstitial molybdenum compounds during the temperature programmed 
carburization of molybdic acid in 10 vol% CH4/H2, molar hourly space velocity of 68 h-
1. Samples were passivated at room temperature with pulses of O2/He prior to XRD 
analysis. To obtain the two patterns of Mo2C shown at the top of the figure, the 
carburization conditions were maintained for 1 h at the final temperature. Reprinted 
from Ref. 7, Copyright (2000), with permission from Elsevier. 
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Figure 2.2. Equilibrium relationships at atmospheric pressure for the reactions (a) 
C(graphite) + 2 H2 ↔ CH4 and (b) Mo2C + 2H2 ↔ 2Mo + CH4. Reprinted from Ref. 51, 
Copyright (1987), with permission from Elsevier.  
2.3.2 UHV Synthesis of phase-pure molybdenum carbides  
Madix and coworkers developed a carbide synthesis method under UHV 
conditions via ethylene carburization of a clean Mo foil.52 Chen and coworkers 
used this technique to carburize a crystalline Mo (110) surface until a surface C:Mo 
ratio of 0.4–0.6 was reached as assessed by AES.18,53,54 This foil exhibited 
ethylene dissociation pathways characteristic of close-packed Pt-group metals, 
evincing the formation of a clean Mo2C surface under UHV conditions with noble-
metal-like characteristics noted to be distinct from pure Mo.49 This synthesis 
technique can also be used for synthesizing phase-pure WC foils as demonstrated 
by Chen and coworkers,55 and this method importantly allows for the 
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characterization of the carbide surface using XPS, AES, high-resolution electron 
energy loss spectroscopy (HREELS), and UHV temperature programmed 
desorption (TPD). In situ UHV synthesis thus allows the complications of kinetic 
and thermodynamic limitations involved in a TPR synthesis to be circumvented, 
and the absence of an oxide precursor and constant flow of carburizing gas mixture 
allows for a phase-pure carbide product compared to a TPR synthesized carbide 
which may have excess surface carbon or residual surface oxygen present. 
2.4 Multifunctional catalytic activity and surface evolution  
 The varying synthesis protocols, from UHV to TPR synthesis, including the 
free variables during TPR synthesis of Mo-precursor, carburizing gas composition, 
temperature ramp rates and hold times, and passivation and activation 
procedures, all cause heterogeneity in the active catalyst surface and bulk 
stoichiometries. This heterogeneity results in binding sites whose structure and 
function vary and in turn allows for the broad spectrum of catalytic reactions 
discussed below to occur over these carbide surfaces. 
2.4.1 Hydrogenolysis 
Molybdenum carbide catalytic formulations have been reported to mimic 
noble-metal-like activity, especially the ability to activate hydrogen and 
hydrogenolyze C-C bonds.1,2,9,56,57 Sinfelt and coworkers49 reported temporal 
augmentation of ethane hydrogenolysis over a pure molybdenum sample at 668 K 
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over the course of 6 h time-on-stream, discovering this activity evolution was due 
to the formation of a catalytic carbide phase as evinced by appearance of Mo2C 
peaks in catalyst X-ray diffractograms. Qi and coworkers58 investigated ethane 
hydrogenolysis using DFT-modeled fcc and hcp Mo2C crystal structures. The Mo-
terminated surfaces of both crystals were active for hydrogenolysis of the C-C 
bond; hydrogen adsorbed on the catalyst surface was also able to reduce the 
activation barrier of the rate-determining C-C scission of the C2H5 intermediate. 
CH3 and CH2 species bound to both the fcc and hcp Mo2C phases on top, hollow, 
and bridging sites with binding energies between -3.27 and -5.77 eV, 
demonstrating the extreme thermodynamic favorability of carbon to cover a Mo-
terminated surface. 
Frank and coworkers59 investigated propane reactivity over an hcp Mo2C 
surface using in situ XPS. Propane hydrogenolysis was prominent over the fresh 
carbide surface under reactant flow at 0.3 mbar, but surface coking deactivated 
these sites; this could be indicative of a stoichiometric and non-catalytic reaction. 
Similar results were observed by Pham-Huu and Ledoux9,57 when studying n-
hexane hydrogenolysis over Mo2C, by Neylon53 when studying butane 
hydrogenolysis, and by Riberio10 when studying n-hexane hydrogenolysis over 
WCx catalysts. Ribeiro and coworkers10 oxidized WCx catalysts with dilute oxygen 
at room temperature for initial passivation; the passivated carbides were then 
exposed to 20 kPa O2 and heated to 300-800 K and finally treated under H2 at 673 
K for 2 h before reaction. Oxidized WCx formulations catalyzed n-hexane 
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hydrogenolysis at 630 K with a constant turnover frequency as normalized by post-
reaction ex situ CO chemisorption site densities even though oxygen modification 
of these samples decreased CO site density by a factor of ~4. These reports all 
noted that the highly reduced carbide catalyzed hydrogenolysis reactions and 
deactivated over time, and oxidative treatment of these catalysts suppressed 
hydrogenolysis activity. 
These studies stress the importance of carbide surface termination and its 
effects on reactivity through synthesis, pretreatment, and transient reaction 
conditions. Specifically, the metallic hydrogenolysis activity appears most 
prevalent on clean, metal-terminated carbide surfaces and suffers from prominent 
deactivation, most likely due to coking and/or surface carburization as evinced by 
the extremely favorable carbon binding energies to metal-terminated carbides. 
2.4.2 Hydrogenation 
Mo2C has been investigated for the catalytic hydrogenation of CO and CO2 
in studies using DFT calculations, surface science studies, and microreactor 
studies with pressures ranging from ambient to 7.0 MPa.2–6,8,17,36,60–62 Wang et 
al.35,36 used DFT to calculate favorable binding sites of CO and H2 on Mo-
terminated carbide surfaces; the strengths of H2 and CO binding on hollow, 
bridging, and atop sites depended strongly upon the exposed crystal plane, 
temperature, pressure, and the gas phase composition. Wang and coworkers36 
used a microkinetic model involving the adsorption, desorption, and atomic CO 
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dissociation over five different Mo2C surfaces at 600 K and 40 bar CO pressure 
and reported that the activation of CO varied based on surface termination. CO 
adsorption was rate-determining on C-terminated surfaces, whereas adsorption 
was rapid and C-O dissociation was rate-limiting on Mo-terminated surfaces. Chen 
and coworkers62 reported Mo2C-catalyzed CO2 hydrogenation to form CO and CH4 
at atmospheric pressure in a flow system, experimentally demonstrating COx 
hydrogenation on Mo2C formulations.  
Molybdenum carbides have also been reported to show metallic 
characteristics in hydrogenation of alkenes and aromatics with turnover 
frequencies comparable to those of noble metals.48,63–66 Choi66 reported that 
Mo2C-catalyzed benzene hydrogenation was extremely dependent upon residual 
oxygen; oxidation decreased both the density and the strength of benzene 
hydrogenation active sites as measured by a CO chemisorption-normalized site-
time-yield (STY) for benzene hydrogenation. A final synthesis temperature of 1023 
K, compared to a typical synthesis temperature of 873 K, was necessary to fully 
remove all surface oxygen, and this 1023 K-synthesized catalyst also 
demonstrated the highest benzene hydrogenation site time yield (0.081 s-1 at RT). 
Frauwallner64 and Ardakani67 also reported Mo2C-catalyzed toluene and tetralin 
hydrogenation where toluene hydrogenation was stable for over 1000 hours on 
stream.  
Lee et al.68 observed that the hydrogenation of benzene to cyclohexane 
over a freshly prepared Mo2C catalyst was eliminated after ~3 h of anisole HDO 
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reactivity, and this reduction in benzene hydrogenation was nearly irreversible. 
This change in reactivity was postulated to be the result of surface oxygen adatom 
(O*) deposition, mirroring the effects observed by Choi66 of increasing benzene 
hydrogenation as a function of O* removal. These reports highlight the variability 
of the surface state of molybdenum formulations, most notably the effects of 
surface O*. 
2.4.3 Isomerization 
Catalytic alkane isomerization is a multifunctional process involving alkane 
dehydrogenation and acidic isomerization of the resulting alkene, subsequently 
followed by metallic hydrogenation to produce the isomerized alkane.69 Ledoux 
and coworkers47 designated the formation of a distinct oxycarbidic phase as being 
responsible for alkane isomerization activity. This necessary incorporation of 
oxygen to account for the presence of acidic activity falls in line with the work of 
Iglesia et al.11 over bifunctional tungsten carbides, noting the presence of acidity 
that directly correlated with the oxidation of oxophilic tungsten catalysts. We also 
demonstrated the development of Brønsted acidity on Mo2C catalysts with the 
introduction of an O2 co-feed by selective Brønsted acid titration during isopropanol 
dehydration using 2,6-di-tert-butylpyridine at varying acid site densities.70 O2 co-
feed could reversibly tune dehydration rates by a factor of ~30 while the activation 
energy and turnover frequency for dehydration were invariant, leading us to 
attribute the tunable dehydration rate solely to Brønsted acid site density. 
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Neylon et al.56 synthesized molybdenum carbide catalysts using a TPR 
method under H2/CH4 flow. These Mo2C catalysts showed butane 
dehydrogenation and hydrogenolysis rates that were 144 and 78 times larger than 
concurrent isomerization rates, respectively. The carbides were treated under 
flowing H2 at 753 K (activated) in order to remove surface oxygen before butane 
reactions; the dearth of surface oxygen due to the activation treatment could cause 
a lack of surface acidity that would lead to the observed low isomerization rates. 
The bifunctionality of oxophilic molybdenum carbide formulations is attributable to 
varied catalytic surface terminations including oxidation-induced acidity and 
carbidic metallic functionalities.  
2.5 Hydrodeoxygenation  
Investigation into hydrodeoxygenation has seen a recent surge due to 
motivations for using biomass as a renewable, sustainable carbon source for 
chemicals and fuels.17,38,40,41,71–75 There are inherent challenges present in HDO; 
chemistries prevalent in hydrodeoxygenation of biomass-derived carbon sources 
necessitate the ability to selectively cleave C-O bonds from a diverse array of 
oxygen functionalities while preserving C-C bond integrity. HDO also requires H2 
activation while concurrently avoiding excessive hydrogenation of olefin and 
aromatic products and intermediates. Inherently multifunctional molybdenum 
carbide catalysts lend themselves to the complexities of HDO chemistries, and 
these functionalities are largely controlled by the surface composition, oxidation 
 24 
states, and available binding sites of these Mo2C formulations as a function of the 
applied synthesis, pretreatment, and reaction conditions. 
2.5.1 UHV deoxygenation 
Chen and coworkers18,19,54 used UHV-synthesized Mo2C to investigate 
tunability of C-C and C-O bond scission using TPD, HREELS, and DFT 
calculations. UHV studies noted that biomass-derived probe molecules such as 
ethanol, furfural, and propanal could be deoxygenated over Mo2C surfaces, 
although 17–62% of oxygenate conversion resulted in complete atomic 
decomposition to form surface adatoms or reforming pathways to produce CO, H2, 
and surface C. Deoxygenation of these molecules was typically stoichiometric, 
possibly non-catalytic, as defined by a total reactivity of ~0.1 reactant molecules 
per surface metal atom.  
The deoxygenation of propanol and propanal was proposed to traverse 
through a η1(O) or η2(C,O) mediated pathway; distinguishing between which 
surface conformation was prevalent was difficult due to the disappearance of 
HREELS bands at both 663 and 1711 cm-1, associated with CCO deformation and 
C=O stretching, respectively, upon heating from 100 to 200 K.18 McBreen and 
coworkers76,77 used reflection-absorption infrared spectroscopy (RAIRS) to 
analyze UHV-synthesized Mo2C dosed with oxygenated molecules and reported 
similar results. C=O scission of cyclopentanone and cyclobutanone was observed 
with subsequent formation of surface Mo-oxo and Mo-cycloalkylidene species. The 
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cyclobutanone-dosed Mo2C surface was heated until 1400 K, and cyclobutanone 
was observed to desorb from 900-1200 K; this high temperature desorption is 
indicative of a recombinative pathway distinct from simple molecular desorption 
typically observed below 400 K. The surface species formed upon dissociation of 
the ketone were identified via the characteristic Mo-oxo band at 950 cm-1 and the 
alkylidene band observed at 1130 cm-1; bands at 1130 cm-1 are in close agreement 
with reported Ti-neopentylidene stretches.77 Siaj et al.76 observed the η2(C,O) 
adsorbed state of cyclopentanone on the Mo2C surface directly preceding C=O 
scission and alkylidene formation; both η1 and η2 binding modes were noted via 
RAIRS, and the elimination of all characteristic η1 bands led to another 
intermediate state that preceded alkylidene formation. This alkylidene was then 
shown to undergo olefin metathesis with propylene, forming methylidene 
cyclopentane and ethylidene cyclopentane.  
While these UHV techniques using a clean carbide surface give valuable 
insight into the reactivity of stoichiometrically pure carbidic formulations for 
oxygenate binding and deoxygenation pathways, it must be noted that the extreme 
oxophilicity and propensity for heteroatom adsorption and diffusion under 
synthesis and reaction conditions might lead to stoichiometric and non-catalytic 
reactivity under UHV reaction conditions due to surface and sub-surface catalyst 
evolution as a function of time on stream. Insights gained from these stoichiometric 
reactions could aid in understanding observed catalytic induction periods of HDO 
reactions over Mo2C catalysts under ambient or elevated pressures. 
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2.5.2 Hydrogenolysis-mediated HDO 
We studied HDO of anisole68 and furfural78,79 over Mo2C formulations that 
were initially passivated in 1% O2 flow at ambient temperature and subsequently 
reactivated under 100 sccm H2 for one hour at ~773 K. Vapor phase anisole HDO 
at 423 K and ambient pressure over self-supported Mo2C was shown to be nearly 
90% selective to benzene formation from 420-520 K with ~0.15 kPa anisole feed, 
demonstrating selective deoxygenation without aromatic hydrogenation. Lee et 
al.68 reported that benzene synthesis rates had a zero-order dependence on 
anisole pressure and a concurrent half order pressure dependence on hydrogen; 
anisole dependence remained zero-order at all experimental conditions employed 
and H2 pressure dependence remained ~0.5 order with anisole co-feed pressures 
varying from 0.1 – 1 kPa. A surface-mediated Langmuir-Hinshelwood-type rate 
expression involving any combination of two surface species could only show 
these dependencies if two distinct catalytic sites exist on the Mo2C surface.  
Benzene turnover frequency (TOF), as normalized by ex situ chemisorption 
measurements, ranged from 2.6 – 5.7 molbenzene molCO site-1 s-1 over a range of 51 
– 208 μmol g-1 evincing that anisole HDO is metal-catalyzed and scales with the 
number of sites titrated by CO. Cyclohexane and other aromatic hydrogenation 
products of steady state anisole HDO accounted for <10% of the total carbon 
selectivity, and space velocity experiments demonstrated that these hydrogenation 
products were not primary products.  
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Phenol HDO via direct C-O hydrogenolysis was also studied by Boullosa-
Eiras et al.26 over Mo2C catalysts at 623–673 K under 25 bar H2, achieving ~90% 
selectivity to benzene and ~10% selectivity to hydrogenated aromatic products 
(cyclohexene + cyclohexane). We have recently reported that mixtures of aromatic 
oxygenates comprising anisole, m-cresol, guaiacol (GUA), and 1,2-
dimethoxybenzene (DMB) can be selectively deoxygenated to form benzene and 
toluene with combined 90% yield over activated Mo2C catalysts at ambient 
pressure and 553 K (Figure 2.3).80 Toluene molar ratio, defined as moles of toluene 
divided by moles of toluene and benzene, in HDO of these mixtures was found to 
increase proportionately from 4% to 66% as m-cresol molar composition varied 
from 0% to 70%.80 These reports illustrate that molybdenum carbides can 
selectively and quantitatively cleave aryl-oxygen bonds and that transalkylation 
reactions are largely absent under the reaction conditions employed. 
These direct C-O scission pathways are distinct from the noble metal-
catalyzed phenol HDO pathway reported by Zhao et al.39 which proceeds through 
aromatic hydrogenation followed by sequential dehydration and further alkene 
hydrogenation over Pd/C catalysts in presence of aqueous H3PO4. These reports 
note that Mo2C-catalyzed HDO both preserves reactant aromaticity and conserves 
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H2, likely as a function of catalyst surface O* modification as described in Section 
4.2 above, and selectively cleaves aromatic C-O bonds.  
Figure 2.3. Conversion and product selectivity for HDO of a phenolic compound mixture 
over ~0.02 g Mo2C. Molar ratio of m-cresol: anisole: DMB: GUA = 1: 0.96: 0.95: 0.98; Feed 
= phenolic mixture (0.03)/ H2 (91)/ He balance (mol%) at 114 kPa total pressure and at 
553 K; space velocity 198 cm3 s-1 gcat-1; ex situ CO uptake = 124 μmol gcat-1; Cyclohexanes 
contains methylcyclohexane and cyclohexane. Reproduced with permission from Ref. 80.  
 
2.5.3 Metallic-acidic bifunctional HDO 
Complex aromatic oxygenates such as phenol, anisole, m-cresol, and 
guaiacol are often studied as probe molecules for lignin-derived bio oil 
valorization.24,39,81–86 Mortensen et al.86 reported reactions of phenol/octanol 
mixtures in a continuous flow system over Mo2C/ZrO2 under 100 bar H2 pressure 
and at temperatures of 553–653 K. Higher conversion, obtained by increasing 
temperature, favored the formation of benzene, whereas lower conversion favored 
formation of acid-catalyzed products such as octene and octyl phenyl ether. Octyl 
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phenol, most likely the result of Brønsted acid catalyzed transalkylation, was the 
dominant product with ~70% yield at full phenol conversion. The ZrO2 support was 
tested to show acidic activity as evinced by catalyzing octene, octyl ether, octyl 
phenol, and octyl phenyl ether formation in absence of Mo2C; whether observed 
acidic catalysis over Mo2C/ZrO2 was partially due to O*-Mo2C moieties or entirely 
due to the acidic ZrO2 support is unclear from this report. 
The octyl phenol product in the work of Mortensen86 is depicted as ortho-
substituted 2-octyl phenol; this supplements the findings of Jongerius et al.24 who 
noted the formation of ortho- and para-cresol upon guaiacol HDO under 55 bar H2 
pressure in a batch system at 573-648 K over Mo2C/carbon nanofiber (CNF) 
catalysts as shown in Scheme 2.2(a). The aryl–OH substitution of phenol is 
postulated to act as an o,p-directing agent in the electrophilic addition of residual 
surface methyl groups residing over O*-Mo2C Brønsted acid sites as a result of 
guaiacol HDO to form phenol, producing ortho- and para-cresol. These results 
from Mortensen86 and Jongerius24 suggest that Brønsted acid sites exist on Mo2C 
catalysts even under hydrotreatment conditions of 55–100 bar H2 and 573-653 K 
as well as the ability of these acid sites to catalyze transalkylation and maintain 
desirable carbon chain growth. 
Complex triglyceride-derived C18+ probe oxygenates such as alkyl stearates 
and stearic, oleic, and linoleic acids that necessitate bifunctional HDO have also 
been studied for HDO over molybdenum carbide catalytic formulations.87–91 
Stellwagen and coworkers87 studied reactions of stearic acid over CNF-supported 
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Mo2C and W2C in a batch reactor system at 30 bar and 573–623 K. As a function 
of reaction time, octadecanal and octadecanol were the first products to form from 
stearic acid reactions, followed by some intermediate formation of octadecene with 
80% octadecane yield at the conclusion of the 3 h reaction. Primary conversion of 
the carboxylic acid to the aldehyde appears to be a metal-mediated C-O 
hydrogenolysis reaction, followed by metal-catalyzed aldehyde hydrogenation to 
form the alcohol. This alcohol can be subsequently dehydrated over acidic sites to 
form an alkene, which undergoes sequential hydrogenation to form the alkane; this 
proposed reaction pathway is shown in Scheme 2.2(b). Acidic dehydration was 
attributed to MoOx species observed in catalyst XPS measurements where >75% 
of surface Mo resided as Mo6+. Catalysts were recycled and used in repeat stearic 
acid HDO experiments. A 30% decrease in stearic acid conversion was concurrent 
with the emergence of MoOx peaks in post-reaction X-ray diffractograms. The 
presence of Brønsted acidity and the inhibition of aromatic hydrogenation, 
characteristics that are both suited for biomass HDO catalysis, have been 
attributed to mild Mo2C surface oxidation, but Stellwagen and coworkers87 also 
demonstrate the detrimental effects of excessive Mo2C oxidation on stearic acid 
HDO.  
Biomass probe molecules, ranging from lignin-derived aromatics to 
triglyceride-derived alkyl stearates, all either necessitate the metal-acid 
bifunctionality provided by oxygen-modified Mo2C to promote complex oxygenate 
HDO or can benefit from both O*-suppressed aromatic hydrogenation and carbon 
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chain growth pathways mediated via acid-catalyzed transalkylation reactions. This 
metallic/acidic interplay elicits comparison to interstitial carbide-catalyzed 
bifunctional isomerization observed by Ledoux, Iglesia, and Boudart,10,11,47,69 
evincing the presence of both metallic carbidic active sites and O*-induced surface 
Brønsted acidity. Unlike the strictly metal-catalyzed anisole HDO observed by 
Lee68,79 and Boullosa-Eiras,26 the acidic/metallic bifunctional balance that results 
from complex surface terminations is critical for complex oxygenate HDO. 
 
 
Scheme 2.2. (a) Hypothesized bifunctional HDO of guaiacol, demonstrating metal-
catalyzed selective aryl C-O bond cleavage and Brønsted acid-catalyzed aromatic 
alkylation. Adapted from Ref. 24, Copyright (2013), with permission from John Wiley and 
Sons. (b) Sequential bifunctional HDO of stearic acid via metal-catalyzed hydrogenolysis 
and hydrogenation followed by acid catalyzed dehydration. Adapted from Ref. 87 with 
permission from the Royal Society of Chemistry. 
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2.5.4 Acidic deoxygenation via dehydration 
We have reported the use of oxygen-modified molybdenum carbide 
catalysts for the deoxygenation of isopropanol to form propylene.70 TPR 
synthesized Mo2C catalysts at 873 K that were shown to have minimal bulk 
oxygen, as evinced by extended reduction under H2 flow up to 1053 K that yielded 
negligible quantities of H2O, were exposed to IPA/He flow. Initially, catalytic activity 
of these carbidic formulations was primarily metallic and alkaline; products formed 
involved dehydrogenation to acetone, acetone condensation to form diacetone 
alcohol, and further reactions of diacetone alcohol to form varied C6+ products. 
Propylene was formed with <5% carbon selectivity. Upon exposure to an O2 co-
feed, product carbon selectivity shifted to nearly 90% dehydration products 
(propylene and diisopropyl ether (DIPE)). The proposed metallic and acidic IPA 
conversion pathways are represented in Scheme 2.3.  Selective titration of 
propylene formation rates with a 2,6-di-tert-butylpyridine co-feed demonstrated 
that the observed deoxygenation of isopropanol to form primarily propylene via 
dehydration was the result of oxygen-induced Brønsted acidity on the carbide 
surface, yet surface oxidation did not alter the bulk structure of 2-5 nm Mo2C 
crystallites as inferred from pre- and post-reaction XRD.  
Matsuda and coworkers92,93 observed similar dehydration product 
selectivities to propylene and DIPE over H2-reduced MoO3 and Pt/MoO3. MoO3 
species reduced under flowing H2 for 12 h at 623 K exhibited no induction period 
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in propylene and DIPE formation rates; rates of formation of these dehydration 
products deactivated over time. The nature of the catalyst as a reduced 
molybdenum oxide, inferred from prominent MoO2 X-ray diffractograms peaks and 
monotonically decreasing Mo valence with increasing reduction temperature as 
measured by the consumption of O2 necessary for re-oxidation to MoO3, coupled 
with the lack of an induction period implicate the unlikelihood of in situ surface 
carburization affecting the observed acidic dehydration activity, further 
strengthening the claim of molybdenum oxide Brønsted acidic domains on the 
catalyst surface.  
 
Scheme 2.3. Proposed reaction network for IPA over acidic and metallic Mo2C sites. 
 
2.5.5 The effects of water on molybdenum carbide catalysis 
Water is ubiquitous in upgrading biomass to fuels and chemicals as bio-oil 
contains ~30 wt% of H2O, and oxygen contained in biomass derivatives formed 
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upon depolymerization/deconstruction of lignocellulosics is removed as water in 
HDO chemistries.71 The stability and activity of molybdenum carbides during 
deoxygenation reactions in presence of water, therefore, are important.  
DFT studies have shown that H2O can dissociate to OH* and H* (* 
represents an adsorption site), which can further dissociate to form O* and 2H* on 
β-Mo2C(001),94–96 consistent with the experimentally measured near zero-order 
dependences on H2O pressures for water-gas shift (WGS) over bulk Mo2C.97 
Namiki et al.98 demonstrated the dissociation of H2O on carburized 4.8 and 8.5 
wt% Mo/Al2O3 catalysts during WGS reaction, in which H2, 13C18O, 13C18O2 and 
13C18O16O were observed via mass spectrometry upon pulsing H218O into a 
continuous stream of 13CO in He at 423 K. Ren et al.19 showed using DFT 
calculations that adsorbed O* from oxygenates can be removed from a 
Mo2C(0001) surface in presence of excess H2 as hydrogen can dissociate onto an 
O*-occupied Mo2C site to form OH*, which can subsequently react with another 
OH* to remove the adsorbed oxygen by forming H2O* and O*, however, the 
activation barrier for this reaction is ~110 kJ mol-1. Thermodynamic calculations 
show that Mo2C(s) can be oxidized by both H2O(l) and H2O(g) to form MoO2 (∆Grxn, 
573 K < -20 kJ mol-1), however, the oxidizing strength of O2 (∆Grxn, 573 K < -1000 kJ 
mol-1) is much stronger than that of H2O.71,99  
We recently reported that adsorbed oxygen on Mo2C formulations, from 
oxygen-containing compounds like water, methanol, lignin-derived phenolics, or 
O2, diminishes metallic functionalities80 and generates acidic active sites.70 
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Hydrogenation rates of benzene and toluene on a passivated Mo2C formulation 
that was H2-treated at 573 K for 1 h prior to the reaction were completely inhibited 
in presence of a water co-feed, showing that the introduction of water to 
molybdenum carbide formulations can irreversibly inhibit the metallic 
hydrogenation function.80 In situ synthesized Mo2C was treated in 10 kPa of H2O 
for 2.5 h before exposing the sample to isopropanol (IPA)/CH4/He mixtures 
(1/3.5/Bal %) at 415 K and ambient pressure; dehydration rates to form propylene 
increased fourfold while the formation rates of C6+, which are metal/base catalyzed 
products, decreased by half compared to a fresh Mo2C that had not been exposed 
to H2O or O2.70 The effect of water treatment, however, is less severe than that 
noted upon exposing a fresh Mo2C sample to O2 (~13 kPa), which is accompanied 
by a temperature exotherm of ~100 K and concurrent elimination of C6+ formation 
rates in less than 20 min.70 An independent experiment of 0.5 kPa IPA dehydration 
with 0.7 kPa of H2O and 13.5 kPa of O2 co-feed on a fresh Mo2C demonstrated 
that water co-feed has no kinetic effects on IPA dehydration,70 which is consistent 
with the reported involvement of Brønsted acid sites generated on Mo2C upon O2 
exposure.70 The effect of water co-feed is minimal as oxygen co-feed (~13.5 kPa) 
is the dominating contributor to the formation of Brønsted acid sites for IPA 
dehydration. The negligible effect of H2O on IPA dehydration is also consistent with 
the experimentally measured zero-order dependencies on IPA;70 the IPA-
saturated Mo2C surface (0.5 kPa) shows negligible IPA dehydration inhibition from 
a comparable water co-feed pressure (0.7 kPa), implicating that O*-induced 
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Brønsted acid sites favor IPA adsorption over H2O. Along the same lines, 31.8 mol 
% of water was co-fed with 5.7% CO during WGS reaction at atmospheric pressure 
between 493 K to 568 K; no deactivation of Mo2C was observed for at least 48 h 
on-stream, and Mo2C phases remained in the bulk structure as no oxide phases 
were observed from XRD patterns of the spent catalysts.100,101 The negligible 
deactivation effect of water on WGS reaction reported by Moon and 
coworkers100,101 is presumably ascribed to the surface dominating O* species 
derived from H2O dissociation94–97 participating in the catalytic cycle as has also 
been suggested by DFT calculations on β-Mo2C(001).96  
The inhibitive effect of water on aromatic hydrogenation echoes the 
oxidation-induced hydrocarbon hydrogenolysis suppression explored in Section 
4.1 and contrasts the case studies on IPA dehydration and WGS reactions in which 
oxygenates are involved as reactants/products. We postulate that a more carbidic 
and less oxidized surface is required for catalytic hydrogenation and that reactant 
feeds devoid of oxygenates are necessary to retain this carbidic surface; adsorbed 
oxygen alters the surface stoichiometry and eletronic structure, thereby affecting 
the adsorption properties of hydrocarbon reactants such as benzene and toluene. 
This oxidation-induced hydrogenation inhibition was also noted by Choi et al.7 
when studying the effect of carburization on benzene hydrogenation. The inhibitory 
effect of adsorbed oxygen on aromatic hydrogenation in conjunction with the 
selective Ar-O cleavage of Mo2C formulations, however, result in the high 
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selectivity of aromatics (>90%) in hydrodeoxygenation of lignin-derived phenolic 
compounds.80 
Hydrothermal stability and activity of Mo2C formulations for aqueous-phase 
hydroprocessing of acetic acid were studied extensively by Choi et al.102 The bulk 
structure of molybdenum carbide formulations remained as hcp Mo2C after 
hydrothermal treatment in liquid water under N2 at 523 k and ~47 bar for 48 h, 
demonstrating that molybdenum carbide structures are resistant to bulk oxidation 
via high pressure liquid water conditions. Surface oxidation of the samples, 
however, was confirmed by XPS studies as the percentage of Mo 3d in Mo-O form 
increased fourfold after the hydrothermal treatment. Similar surface oxidation 
results were observed from a fresh Mo2C tested for a real hydroprocessing 
condition (10% guaiacol in H2O at 523 K and ~137 bar), suggesting that the 
oxidative effects of the guaiacol solution on the Mo2C surface are comparable to 
that of pure water. Hydrothermal aging has a minimal inhibitory effect for acetic 
acid conversion (10 w/w % in H2O at 523 K and ~137 bar) to ethanol and ethyl 
acetate under hydroprocessing conditions; acetic acid conversion remained 
constant at ~40% when using both a fresh carbide catalyst and a hydrothermally 
treated carbide catalyst. The authors also noted that structure and activity changes 
to molybdenum carbides due to hydrothermal conditions are sensitive to the 
original Mo2C structure which mirrors the observed severe deactivation in HDO of 
phenol and 1-octanol on Mo2C/ZrO2 when 30% H2O was co-fed.86 The results for 
IPA dehydration, WGS reaction, and hydrodeoxygenation of acetic acid and 
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guaiacol suggest that the surface modification of Mo2C by O* is agnostic to the 
source of oxygenates, namely phenolic compounds, fatty acids, alcohols, or water; 
these oxygenates can dissociate and leave behind O* on the surface, inhibiting the 
metallic function and potentially generating Brønsted acid sties. We note that, 
however, the major difference between the oxygen sources is that the oxidizing 
strength of O2 is much stronger than other oxygenates as is demonstrated by the 
thermodynamic calculations of H2O and O2 oxidizing Mo2C(s) discussed above. 
2.6 Tungsten-based catalytic formulations 
 Tungsten carbides and oxides have been investigated as catalysts for 
hydrogenolysis,10,11 isomerization11,69,103,104 and for deoxygenation reactions via 
HDO22,23,55,87,105 and dehydration.106 Maire and coworkers103,107,108 and Iglesia and 
coworkers10–12 investigated the effects of oxygen modification of WCx catalysts. 
O2-treated catalysts exhibited decreased metal-catalyzed hydrogenolysis areal 
rates and increased bifunctional metal-acid catalyzed alkane isomerization rates 
as described in Section 4.1. The O2-induced Brønsted acidity necessary for alkane 
isomerization was hypothesized to be due to WOx moieties generated on the 
oxophilic WCx surface; even after oxidation, WCx catalysts retained metallic activity 
capable of hydrogenolysis and hydrogenation. 
Chen and coworkers used DFT, UHV TPD, and microreactor experiments 
to study HDO over WC catalysts.55 WC synthesized at 1273 K catalyzed propanal 
and propanol HDO at 653 K; HDO selectivities, most notably 
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of propylene, were consistent at ~60% over both WC and Mo2C catalysts, yet HDO 
conversion was ~10-fold higher over Mo2C as opposed to WC. This was 
hypothesized to be a function of catalyst particle size; WC final synthesis 
temperature in this work was 1273 K, and high temperatures result in more particle 
sintering and lower surface area compared to the 60-100 m2 g-1 observed for Mo2C 
catalysts synthesized with final synthesis temperatures of ~873 K.51  
 Bitter and coworkers investigated HDO of stearic acid over CNF-supported 
Mo2C and W2C.87 Both carbides catalyzed HDO via metal-acid bifunctional 
pathways as mentioned in Section 5.3. W2C/CNF catalyzed octadecanol 
dehydration under N2 atmosphere to ~80% octadecene yields, and dehydration 
yields were almost identical to that catalyzed by WO3/CNF due to acidic WOx 
moieties in absence of carbidic WCx sites. The oxophilicity of WCx catalysts leads 
to the generation of acid sites similar in nature to those observed over oxygen-
modified molybdenum carbides, but WCx oxidation appears to be more extensive 
as evinced by greater dehydration and lower hydrogenation rates to form 
octadecane from octadecene over W2C/CNF in comparison with Mo2C/CNF 
catalysts. The generation of acidic character and diminution of metallic catalysis 
with increasing catalyst oxidation remains constant across the interstitial carbides 
catalysts WCx and MoCx; the evolution of catalytic functionalities of interstitial 
carbide catalysts are primarily similar although their varying oxophilicities affect the 
extent of oxidation and commensurately result in changes in the number and 
density of active sites on these materials. 
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2.7 Perspective 
 The diversity of catalytic functions exhibited by molybdenum and tungsten 
carbide arises because of both the structure and composition of the material and 
its evolution under reactive environments. Density functional theory calculations 
reveal that the binding energy of H2 and CO on hexagonal Mo2C is lower on the 
(101) surface relative to the (100), (201), and (001) surfaces with adsorption 
energies varying both with coverage and whether on-top, bridging, or hollow sites 
are involved in binding.33,35 Along the same lines, oxygen binding energy on an 
Mo-terminated β-Mo2C(001) surface is calculated to be ~3 eV stronger than that 
on a C-terminated (001) surface.94 Experimental assessment of these surface 
characteristics is complicated by protocols for synthesizing and passivating these 
oxophilic materials which can result in carbon deposition during hydrocarbon 
treatment, bulk carbon removal during reduction processes, and formation of sub-
surface/surface-adsorbed oxygen during passivation or reaction.7,8,37,45  
 Both carburization and residual oxygen content describe the metal-like 
behavior of transition metal carbides.7,51,109 The existence of surface carbon, a 
diversity of oxygen-binding sites, and carbon-deficient centers is evident from the 
detailed chemical characterization and kinetic studies of Ribeiro, Iglesia, and 
Boudart on fresh/oxygen-exposed tungsten carbide materials.10–12 Hydrogenolysis 
rates, in particular, were noted to be 100-fold lower for samples that had been 
oxygen-treated.12 Acid-catalyzed reaction pathways were concurrently promoted 
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on oxygen-modified surfaces.10–12 A similar tradeoff in catalytic functions between 
n-hexane hydrogenolysis and isomerization was reported by Guille and co-
workers9 on Mo2C catalysts pretreated in oxidative environments. The evolution of 
structure and site density of Mo2C formulations as a result of varying synthesis 
protocols is evident from the amount of residual oxygen content; the amount of 
water evolved during temperature-programed reduction experiments on as-
synthesized molybdenum carbides decreased to negligible values when the 
carburization temperature for these materials increased from 923 K to 1023 K.7 
The resulting density of sites titrated by CO chemisorption and the benzene 
hydrogenation rate at room temperature normalized per CO chemisorption site 
increased from 2.5×1014 to 5.4×1014 cm-2 and from ~0.01 to ~0.08 s-1, 
respectively.7  
 The evolution of surface composition and structure occurs not only with 
synthesis protocols but also with the reaction environment. Oxygen composition in 
molybdenum carbides was noted to vary with hydrocarbon treatments; Reimer and 
coworkers8 used elemental analysis to reveal that negligible quantities of oxygen 
remained in a bulk molybdenum carbide after catalytic C2H6 hydrogenolysis 
whereas O/Mo = 0.44 was measured in a catalyst that underwent pretreatment in 
CH4/H2 mixtures. Emerging research on the synthesis of carbon nanotubes on 
cobalt surfaces has established that surface depletion of carbon occurs in these 
materials, implying that bulk and surface structure heterogeneity in composition 
may exist during reaction conditions.110,111 Similar characteristics were observed 
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in MoO3-derived formulations as reported by Matsuda and coworkers.92 Partial 
reduction of Pt/MoO3 catalysts led to both an increase in surface area from ~5 to 
~250 m2 g-1 and a change in the average Mo valence from ~4 to ~2.92 The catalytic 
function of Pt/MoO3 formulations for heptane isomerization evolved 
correspondingly and a maximum in isomerization activity at a reduction 
temperature of 723 K was noted. Both isomerization and dehydration activities 
being nearly invariant among H2-reduced Pt/MoO3 and H1.55MoO3 and 
isomerization selectivity being the same for different Mo valence states that varied 
from 0.4 to 2.8 on Pt/MoO3 formulations suggest that similar catalytic centers exist 
on oxidic molybdenum surfaces across a range of bulk compositions.92 Along the 
same lines, Román-Leshkov and coworkers25 have recently shown that structural 
characteristics of MoO3 catalysts evolve during HDO catalysis of phenolic 
compounds which results in the formation of oxycarbide or oxycarbohydride 
(MoOxCyHz) phases.  
 Hydrodeoxygenation chemistries on carbidic catalysts and specifically on 
Mo2C-derived materials exhibit each of the characteristics noted above. Surface 
science studies using C2-C3 oxygenates containing C-OH and C=O groups show 
that oxophilic Mo2C or tungsten carbidic formulations selectively cleave the 
carbon-oxygen bond,18,19,54,55 and oxygen accumulation on the Mo2C surface was 
observed via Auger electron spectroscopy after deoxygenation of propanal, 1-
propanol, furfural, or furfural alcohol.18 Computational chemistry studies report that 
oxygen binding energies on both Mo- and C-terminated orthorhombic Mo2C(001) 
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exceed 5 eV,94 at least three times larger than that for molecules like CO, CO2, H2, 
or H2O, and the removal of adsorbed oxygen is unfavorable with activation barriers 
exceeding 2 eV.19 These reports suggest that it is unlikely for a purely carbidic 
surface to exist under hydrodeoxygenation reaction conditions.  
Chemical transient studies on as-synthesized Mo2C formulations for anisole 
HDO at atmospheric pressure reveal that cyclohexane is formed in an initial 
transient, however, concurrent oxygen accumulation of ~0.3 monolayer (ML) 
results in almost complete inhibition of cyclohexane formation in benzene 
hydrogenation reactions.112 These chemical transient studies also showed carbon 
deposition equivalent to ~0.9 ML of C6 on the surface upon initial exposure to 
anisole/H2 mixtures, suggesting the existence of carbon-deficient centers and 
surface carbon species on the catalyst.112 A separate experiment demonstrated 
that benzene hydrogenation on as-prepared Mo2C formulations was significantly 
suppressed when the reactant feed was switched from benzene/H2 to anisole/H2 
mixtures. Cyclohexane formation rate did not recover even after the reactant feed 
was switched back to benzene/H2.68 We postulated that oxygen atoms were 
irreversibly deposited on the surface from anisole HDO and inhibited benzene 
hydrogenation; this is consistent with our report where we noted that the 
introduction of water or methanol resulted in the nearly complete inhibition (>95%) 
of benzene and toluene hydrogenation on Mo2C formulations.80 These surface 
science, computational chemistry, and chemical transient studies allow us to infer 
that the catalyst composition for atmospheric HDO is likely an oxygen-modified 
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carbide, most likely an oxycarbide, although the structure and composition of the 
active catalytic species under reaction conditions cannot be ascertained. 
 The dynamics of catalyst composition and function under reactive 
environments necessitates the use of in situ probes of structure and site density 
while it limits the use of elemental analysis, probe molecule spectroscopy, and 
structural characterization methods that transiently expose the catalyst to oxygen-
containing or reducing environments. We report the use of competitive CO 
adsorption during anisole hydrodeoxygenation reactions, in which CO acts as a 
reversible titrant, to accurately assess the number of catalytic sites in situ (Figure 
2.4 (a)).112 The assessment of the number of catalytic sites involves a transient 
experiment which can be rigorously interpreted with the assumptions that one CO 
adsorbs per active site7 and that all active sites have similar activity after 
eliminating any contribution from parallel water-gas shift and/or CO methanation 
reactions. A total of 31 such CO titrations at varying CO space times (Figure 2.4 
(b)), defined as the amount of catalyst divided by the CO co-feed flow rate, allowed 
us to infer that only ~10% of the sites measured by ex situ CO chemisorption are 
active for catalysis under anisole HDO conditions, as benzene turnover rates 
(TOR) normalized by the number of in situ CO sites are an order of magnitude 
larger than those normalized by the number of ex situ CO sites,  ~2×10-3 mol s-1 
molin situ CO site-1 and ~2×10-4 mol s-1 molex situ CO site-1, respectively.68,112 The 
difference in the number of sites could either be a consequence of changing 
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surface area and accessibility of the active centers in presence of oxygen-
containing species or an ensemble effect for anisole HDO.  
 
Figure 2.4. (a) Benzene synthesis rates versus time-on-stream during the course of in 
situ CO titration. The catalyst (~1.11 gcat, CO chemisorption uptake ~240 μmol gcat−1) 
was stabilized for ~10 ks before in situ CO titration. Shaded areas indicate CO/Ar 
mixtures (~0.005–0.028 cm3 s−1/ ~0.036 cm3 s−1) were co-fed into the reactant feed 
comprising anisole/ H2 (vol %) = ~0.36/bal with a total flow rate of ~1.67 cm3 s−1 at 
reaction temperature ~423 K and under ambient pressure. (b) Turnover frequency 
(TOF) of benzene synthesis determined by in situ CO titration as a function of CO space 
time, defined as (amount of catalyst)/(CO cofeed flow rate employed in the 
corresponding titration experiments). Different CO space times were achieved using 
both different amounts of catalyst (~1.77, ~1.11, ~0.43 g) and different CO cofeed flow 
rates (~0.0076−0.053 cm3 s−1).a The dashed lines are shown as a guide to the eye. 
Reprinted with permission from Ref. 112. Copyright (2015) American Chemical Society. 
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 The effects of chemisorbed oxygen on catalytic and chemisorptive 
properties of tungsten carbide materials were examined by exposing fresh carbide 
samples to O2 at varying temperatures followed by H2 treatment at 673 K.10–12 
Iglesia and coworkers10,11 reported a systematic inhibition of hydrogenolysis rates 
and a concurrent increase in the rate of acid-catalyzed reactions for such oxygen-
modified formulations, demonstrating the bifunctionality of transition metal 
carbides. We report that selectivity in HDO is systematically and significantly 
altered by chemisorbed oxygen. Oxygen-exposed Mo2C samples were prepared 
in a manner similar to that reported by Ribeiro, Iglesia, and Boudart and 
coworkers.10–12 The selectivity of these formulations for HDO of anisole is shown 
in Figure 2.5 where the O/Mobulk content was assessed by temperature 
programmed reduction in H2/Ar flow to 723 K. As-synthesized Mo2C formulations 
 
Figure 2.5. Product selectivity for anisole hydrodeoxygenation on the as-synthesized 
fresh and oxygen modified Mo2C formulations at 423 K and ambient pressure. Feed is 
comprised of anisole/ H2 (mol %) = ~0.56/bal; space velocity ~1.68 cm3 s-1 gcat-1 and 
0.99 gcat catalyst. 
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prepared by treatment in CH4/H2 mixtures, without exposure to air, resulted in ~1% 
phenol selectivity and ~90% benzene selectivity. Oxygen-treatment of these 
samples systematically altered benzene and phenol selectivity to be less than 20% 
and greater than 80%, respectively, which is a consequence of the concurrent 
decrease in benzene synthesis rates from 6.8×10-8 to 0.1×10-8 mol s-1 gcat-1 and an 
increase in phenol synthesis rates from 0.1×10-9 to 7.8×10-9 mol s-1 gcat-1. The 
synthesis rates and product selectivity are stable for ~4 days on-stream after an 
induction period of ~8 h under the reaction conditions investigated. Benzene TORs 
measured by in situ CO titration on the four samples were found to be invariant 
with the amount of oxygen incorporated, demonstrating that oxygen chemisorption 
on Mo2C formulations alters the number, not the identity, of the active sites for 
benzene synthesis. Phenol sites on all samples, however, were not titrated by CO 
co-feeds; therefore, we cannot conclude whether the low phenol synthesis rates 
are stoichiometric or catalytic. These changes in rates and selectivity may arise 
due to both composition/structure changes as well as changes in the electronic 
and chemisorptive/reactive properties of these formulations.  
 Oxygen-modification of tungsten and molybdenum carbidic formulations, of 
particular relevance to deoxygenation chemistries, leads to a mitigation of metallic 
characteristics while concurrently engendering acid character to the catalyst 
(Scheme 2.4). We note that hydrogenation rates over metallic sites on Mo2C 
formulations decrease with O2 treatment; molybdenum carbide catalysts that were 
exposed to 13.5 kPa O2 for ~4 h were nearly inactive for acetone hydrogenation. 
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The balance between metallic and acidic functions can be adjusted to primarily 
acidic upon co-feeding oxygen. Co-feeding 0–13.5 kPa O2 flow to an isopropanol 
stream over a fresh Mo2C catalyst resulted in a ~30 fold increase in the rate of 
isopropanol conversion to propylene per gram of Mo2C.70 This increase in rate was 
not accompanied by a change in the measured reaction order and activation 
energy or in bulk structural changes of the Mo2C as evinced by X-ray diffraction. 
In situ chemical titration using 2,6 di-tert-butylpyridine revealed that Brønsted acid 
site densities increase with increasing O2 pressure, and isopropanol dehydration 
rates are invariant when normalized rigorously to the acid site density (Figure 
2.6).70 We posit that O2 co-feed on Mo2C results in the formation of Brønsted acid 
sites similar to those theorized by Chia et al.113 for Re/Rh formulations that arise 
due to the oxophilic nature of Re. 
 
Scheme 2.4. The evolution of molybdenum carbide functionality with increasing oxygen 
content. 
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Figure 2.6. Propylene turnover frequency (TOF) (¨) and activation energy of propylene 
formation (<) as a function of propylene synthesis rate normalized by catalyst loading. 
Propylene rates per gram were manipulated with O2 co-feed variation from PO2 = 0–13.5 
kPa, and TOF was calculated using Brønsted acid site density measured by in situ DTBP 
titrations. Reaction conditions for propylene synthesis rate at 415 K: ~0.29 gcat, PTotal = 114 
kPa, PIPA = 1–2 kPa, PCH4 = 4 kPa (internal standard), balance He, space velocity of 6.9 
cm3 s-1 gcat-1. Reaction conditions for measuring activation energy: T = 405–438 K, ~0.015 
gcat, PTotal = 114 kPa, PCH4 = 4 kPa (internal standard), balance He. Space velocity of 133 
cm3 s-1 gcat-1. Adapted with permission from Ref. 70. 
 In summary, emerging research has clearly demonstrated the potential of 
transition metal carbidic formulations as hydrodeoxygenation catalysts at low 
pressure and temperature. Two characteristics of metal carbide formulations, 
namely the high selectivity for C-O bond cleavage and the near absence of 
sequential hydrogenation reactions on oxygen-modified materials, distinguish 
them from noble metal or hydrotreating catalysts. The oxophilic character of these 
carbidic materials engenders both bifunctionality and selectivity for 
hydrodeoxygenation catalysis and is likely the primary characteristic to correlate 
change in catalyst function under reactive environments. The evolution of 
 50 
morphology, surface composition, and catalytic function under oxidative 
environments renders unique challenges for structural and chemical 
characterization of these materials and highlights the critical importance of in situ 
chemical transient and chemical titration studies for assessing the site 
requirements in these materials. 
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CHAPTER 
THREE 
3. STRUCTURE AND SITE EVOLUTION OF MOLYBDENUM 
CARBIDE CATALYSTS UPON EXPOSURE TO OXYGEN 
 
*Reprinted from the Journal of Catalysis, Vol 326, Mark M. Sullivan, Jacob T. Held, and 
Aditya Bhan, “Structure and site evolution of molybdenum carbide catalysts upon 
exposure to oxygen,” Pages 82 – 91, © 2015, with permission from Elsevier  
 
3.1 Introduction 
Catalytically active interstitial carbides first rose to scientific prominence 
through the early work of Yates49, Boudart114, and Madey115, demonstrating the 
catalytic variation of molybdenum and tungsten formulations as a function of both 
surface and bulk composition as evinced by development of metallic 
hydrogenolysis or acidic isomerization functionalities with concurrent 
carburization. Liu et al.94 investigated the Mo2C surface as a water gas shift (WGS) 
catalyst using periodic density functional theory (DFT), demonstrating the variation 
in catalyst activity based on surface termination as pure Mo, C, or O. Subsurface 
diffusion and development of an oxycarbide phase led to decreased WGS 
reactivity, and deposition of surface oxygen atoms (O*) from reaction products was 
shown to suppress WGS reactions due to thermodynamically favorable binding 
and dissociation of product H2O that did not allow for facile O* removal.  
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Leary and coworkers37 experimentally demonstrated the role of surface O* on 
Mo2C as a poison for ethylene hydrogenation at 298 K, a metallic functionality. 
Leary and coworkers used online gas chromatography (GC) and mass 
spectrometry (MS) to observe the complication of bulk carbon removal concurrent 
with O* removal as a function of varying activation techniques including 
temperature ramps under H2 and He flow. Posada-Pérez et al.61 used X-ray 
photoelectron spectroscopy (XPS) to monitor the O 1s region (528 – 533 eV) 
during sequential CO2 dosing of the β-Mo2C surface at 300 K. Both O* and 
adsorbed CO were observed with the relative ratio of CO/O* increasing with CO2 
dosage, demonstrating the ability of O* on the Mo2C surface to inhibit cleavage of 
the second C=O bond and sequential hydrogenation reactions to CH3OH and CH4. 
Flaherty et al.116 used reflection absorption infrared spectroscopy under ultra-high 
vacuum (UHV) conditions (1x10-10 torr) to monitor formic acid decomposition via 
dehydrogenation to produce CO2 or dehydration to produce CO. Clean Mo(110) 
performed predominantly dehydration; C-modification of the surface decreased the 
rate of dehydration without altering the activation energy for dehydration while 
formation of a carbidic layer on the Mo(110) surface decreased the activation 
energy of dehydrogenation from 34 to 13 kJ mole-1. Activation energies were 
calculated using kinetic measurements of reactive molecular beam scattering. 
Chen and coworkers18,54 used DFT calculations and temperature 
programmed desorption/high-resolution electron energy loss spectroscopy 
(TPD/HREELS) to demonstrate the tunability of the carbide surface with Ni and Cu 
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adatoms to break C-C, C-O, or C-H bonds of oxygenates including ethanol, 
propanal, propanol, and furfural. The pure carbide surface under UHV conditions 
could dehydrate and dehydrogenate/hydrogenate oxygenates, but complete 
atomic decomposition of reactant oxygenates to surface adatoms typically 
accounted for nearly 50% of reactivity. Total reactant conversion was less than 0.2 
molecules reacted per surface metal atom in the reported studies, implying that 
the Mo2C reactivity reported might be stoichiometric. These results stress the 
variation in Mo2C reactivity as a function of both surface adatoms and time-on-
stream. 
Ledoux and coworkers117 synthesized a MoOxHy phase that formed an 
isostructural oxycarbohydride phase while simultaneously developing n-butane 
isomerization activity, demonstrating in situ catalytic modification via structure 
alteration. In situ temperature programmed oxidation (TPO) of the 
oxycarbohydride phase with intermittent ex situ X-ray diffraction (XRD) showed the 
concurrent loss of lattice carbon as CO2 and structural oxidation to MoO2 and 
MoO3; lattice carbon loss was separate from a higher temperature coke oxidation, 
nearly identical to CO2 loss from an MoO2 sample that showed minimal 
isomerization activity. Iglesia et al.11 also manipulated catalytic isomerization 
activity via oxygen exposure of tungsten carbide catalysts, using transient and 
isotopic kinetic measurements to evince bifunctional isomerization via rapid 
dehydrogenation on WCx sites and sequential WOx Brønsted acid catalyzed 
methyl shifts in contrast with Pt/SiO2 catalyzed sequential 
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cyclization/hydrogenolysis. Matsuda93 used both n-heptane isomerization and 
isopropanol (IPA) dehydration as probe reactions to investigate high-surface area 
MoOxHy species and correlated acidic activity to both catalyst Brunauer-Emmett-
Teller (BET) surface area and ex situ NH3 TPD site density estimates. The reports 
outlined above demonstrate that reactive characteristics of metal carbide catalysts 
are strongly influenced by heteroatom adsorption on the catalyst surface and 
subsurface domains. In this study, we probe the identity and number of active 
centers created by heteroatom addition to molybdenum carbide formulations. 
In this work, we use rigorous kinetic analysis of IPA dehydration over oxygen-
treated Mo2C formulations to investigate in situ catalytic site modification and 
report both the identity and number of sites generated by such treatments. As-
synthesized Mo2C with no exposure to oxygen exhibits strong alkaline and metallic 
functionalities, catalyzing carbon chain growth to C6+ products via carbonyl 
condensation pathways and IPA dehydrogenation to near equilibrium values under 
simple IPA/Ar flow. Catalysts were composed of 2-5 nm orthorhombic Mo2C 
domains. Concurring XRD and transmission electron microscopy (TEM) analysis 
showed that bulk crystalline Mo oxides or oxycarbides were not formed with 
passivation or reaction under O2 flow. Oxygen modification of the surface over time 
via (i) O* deposition from IPA dehydration or H2O co-feed, or (ii) O2 co-feed greatly 
suppresses carbon chain growth and dehydrogenation rates and concurrently 
bolsters acid reactivity, forming dehydration products propylene and di-
isopropylether (DIPE) with ~90% carbon selectivity. Carbon chain growth 
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pathways and substantial dehydrogenation activity are irreversibly eliminated after 
O2 exposure, but acid-catalyzed product rates can be reversibly altered by a factor 
of ~30 via acid site density modification with an O2 co-feed. Acid site densities 
were measured with in situ 2,6-di-tert-butylpyridine (DTBP) titration experiments, 
and turnover frequencies (normalized with acid site density by assuming a 1:1 
stoichiometry of DTBP:acid site) are invariant with site density. Kinetic 
experiments, including partial pressure variation, activation energy measurements, 
and kinetic isotope experiments, lead to the conclusion that IPA dehydration 
occurs on oxygen-modified molybdenum carbide catalysts via E2 β-hydrogen 
elimination on Brønsted acid sites. We propose that the oxygen-modification of 
highly oxophilic transition metal carbides can be used as a regenerable and 
tunable source of catalytic Brønsted acidity118. 
3.2 Experimental 
3.2.1 Catalyst synthesis 
 Catalyst synthesis was carried out using a temperature programmed 
reaction method used in previous work28,79,119. Catalysts were prepared in a quartz 
tubular reactor (I.D. 10 mm). Batches of catalyst were synthesized using 0.025 - 
1.5 g ammonium paramolybdate (sieved, 177-400 μm, (NH4)6Mo7O24·4H2O, 
Sigma, 99.98%, trace metal basis). The paramolybdate was heated in a three-
zone split tube furnace (Applied Test Systems) at 0.06 K s-1 to 623 K and held at 
623 K for 12 h under total flow of 3.0 cm3 s-1 of 15 vol% CH4 (Matheson, 99.97%) 
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in H2 (Minneapolis Oxygen, 99.999%). The temperature was then ramped at 0.046 
K s-1 from 623 K to 873 K and held at 873 K for 2 h. The reactor was then cooled 
under the same gas flow to either reaction temperature or ambient temperature, to 
begin reaction or passivation, respectively. 
For passivation, the product was then treated in flowing 1% O2/He 
(Matheson, Certified Standard Purity) at 1.0 cm3 s-1 for at least 1 h in an effort to 
passivate the carbide surface and avoid violent bulk oxidation with atmospheric 
O216,51. Passivated samples were used for ex situ characterization methods.  
3.2.2 Catalyst characterization 
Mo2C samples were characterized using an ASAP Micromeritics 2020 
analyzer to determine surface area, porosity, and CO chemisorption values. BET 
surface area and porosity measurements using N2 were performed at liquid 
nitrogen boiling temperature. Prior to N2 physisorption measurements, samples 
were degassed to < 6 μm Hg and heated to 523 K at 0.17 K s-1 and held for 2-4 h.  
CO chemisorption measurements were performed at 323 K. Before 
measurement, passivated samples were evacuated to < 2 μm Hg at 383 K for 0.5 
h, followed by treatment in flowing H2 at 723 K for 2 h, degassing at 723 K for 2 h, 
followed by the first adsorption measurement at 323 K. Weakly adsorbed CO was 
removed with degassing at 2 μm Hg, then the CO adsorption isotherm was 
repeated. The difference between the first and second isotherms was plotted, and 
 57 
this curve was extrapolated to zero pressure to calculate the amount of irreversibly 
adsorbed CO51. 
 XRD was performed with a Bruker D8 Discover 2D X-ray diffractometer 
equipped with a 2-D VÅNTEC-500 detector and a 0.8 mm collimator. Cu Kα1 and 
Kα2 radiation was used in conjunction with a graphite monochromator. Scans were 
performed in three frames during 900 s centered at 2θ = 35˚, 60˚ and 85˚, for a 
total range of 2θ = 17.5˚ to 102.5˚. The three 2-D scans were converted to 1-D 
intensity vs. 2θ with a step size of 0.04˚ 2θ and merged for analysis. A zero 
background holder was used with a small amount of vacuum grease for sample 
support.  
X-ray photoelectron spectroscopy (XPS) measurements were performed on 
an SSX-100 system (Surface Science Laboratories, Inc.) equipped with a 
monochromated Al Kα X-ray source, a hemispherical sector analyzer (HSA) and a 
resistive anode detector. The base pressure was 1.0 x 10-9 Torr. During data 
collection, the pressure was ~2.0 x  10-8 Torr. An area of approximately 1 mm x 1 
mm was illuminated with 200 W X-rays. The survey spectra were collected using 
150 eV pass energy and 1 eV step-1. The high-resolution spectra were collected 
using 50 eV pass energy and 0.1 eV step-1.  
The atomic percentages were calculated from the survey spectrum using 
the ESCA Hawk software provided with the XPS system. The adventitious carbon 
1s peak was set at 285.0 eV and used as the reference for all of the other elements.  
A combination of Gaussian/Lorentzian functions was used for curve fitting with the 
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Gaussian percentages being at 80% or higher. The Mo 3d5/2 and 3d3/2 peaks were 
fixed with a shift of 3.2 eV for Mo6+ and 3.15 eV for both Mo4+ and Mo3+. Area ratios 
of the Mo 3d doublets were optimized so that A5/2/A3/2 ~ 1.5.  
Prior to TEM analysis, a representative sample of post-reaction Mo2C 
catalyst particles was crushed mechanically in an agate mortar with N,N-
dimethylformamide (ACS, 99.8%). The resulting suspension was then sonicated 
for 3 hours and drop cast on a holey/thin carbon film on a copper grid. The samples 
were examined in a FEI Titan G2 60-300 aberration-corrected scanning 
transmission electron microscope (STEM) equipped with a CEOS DCOR probe 
corrector and a Super-X energy-dispersive X-ray (EDX) spectrometer. High-angle 
annular dark-field (HAADF) images (2048 pixels x 2048 pixels) were acquired on 
the STEM operating at 200 kV using a dwell time of 6 μs per pixel at a camera 
length of 100 mm. The beam convergence angle was measured to be αobj = 25 
mrad and the inner and outer collection angles of the HAADF detector were 67 
and 412 mrad respectively. Under these conditions, the probe size was ~1.0 Å. 
3.2.3 Reaction and titration methods 
 IPA (ACS, 99.97%) was used as received. Reaction temperature was 
measured using a K-type thermocouple in a thermal well on the exterior of the 
quartz reactor (I.D. ~1 cm). Liquid feed was introduced via either a KD Scientific 
syringe pump (KDS120) or an M6 Vici Valco high pressure liquid chromatography 
(HPLC) pump into stainless steel reactor lines heated by resistive heating tape. 
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Reactor effluent was vented to ambient pressure; system pressure varied from 101 
kPa to 130 kPa as measured by a PX209-300G5V pressure transducer. Reactor 
temperature varied from 403 – 438 K with kinetic experiments and titrations 
performed isothermally at 415 K. Volumetric flow rate was kept constant at 2.0 cm3 
s-1 unless otherwise specified. 
 Reactor effluent was analyzed by an online Agilent 7890A gas 
chromatograph (GC) using a flame ionization detector (FID). Eluent separation 
was achieved using a 50.0 m x 320 μm x 0.52 μm dimethylpolysiloxane J&W HP-
1 column. CH4 was included with reactant flow as an internal standard for eluent 
quantification, typically at 0.067 cm3 s-1. Online mass spectrometry (MS) analysis 
was performed using a Cirrus 2 MKS quadrupole mass spectrometer. O2 partial 
pressure was altered from 0.0 – 13.5 kPa by adding O2 co-feed and removing an 
equal volumetric flow of carrier gas (He or Ar) to maintain a constant space 
velocity. Space velocity variations were achieved by proportional alteration of all 
reactant and diluent flows. 
 Titration experiments were performed with liquid mixtures of IPA and DTBP. 
Steady state dehydration rates were achieved, then reactant flow was switched 
from pure IPA flow to the IPA/DTBP mixture at the same volumetric flow rate. 
DTBP mole fractions in the IPA/DTBP mixture were typically 1x10-3 to 1x10-4. 
Propylene formation rate was monitored using online gas chromatography and 
was extrapolated to zero to calculate total titrant uptake as a measure of acid site 
density.  
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3.3 Results and Discussion 
3.3.1 Catalyst synthesis and characterization 
A typical carbide synthesis was performed as described in Section 3.2.1 
with an additional temperature ramp up to 1053 K under flowing H2/CH4 with 
concurrent online MS effluent monitoring (Fig. A.1). H2O was the primary oxygen-
containing product; minimal CO and CO2 were evolved, similar to previously 
reported Mo2C syntheses7. H2O evolved during the 190 K increase beyond typical 
synthesis conditions (T = 873 K) was less than 1% of total H2O evolution during 
synthesis. The lack of further oxygen loss at high temperature under reductive 
conditions implies that all oxygen has essentially been eliminated from the 
paramolybdate at 863 K, typical synthesis conditions used in this study.  
Nitrogen physisorption measurements were used to calculate BET surface 
areas typically on the order of 60 – 100 m2 gcat-1, and CO chemisorption 
measurements were typically on the order of 150 – 250 μmol gcat-1; these values 
are characteristic of carbides synthesized via temperature programmed reaction 
methods45,120. N2 physisorption analysis exhibited classic type IV hysteresis of the 
isotherm, indicative of mesoporous morphology (Fig. A.2). Typical catalyst sample 
surface area was over 50% from internal, porous surfaces, and calculated pore 
volumes via the Barrett-Joyner-Halenda (BJH) method121 estimate over half of the 
porous surface area arose from pores of < 6 nm diameter. This porous morphology 
is evident in transmission electron micrographs shown in Figures 3.1(a) and (b), 
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exhibiting pores as small as 1 nm. EDX spectrum analysis of a representative 
particle confirms the presence of Mo, C, and O in a passivated sample.  
 
 
Figure 3.1(a). HAADF STEM image of a representative post-reaction Mo2C catalyst 
particle exhibiting visible porosity in the range of 1-2 nm. (b) High magnification of 
boxed region of image (a) showing crystallinity, size of grains, and porous features. 
(c) View down the [010] zone axis of orthorhombic β-Mo2C as reported by Parthé and 
Sadogopan46. (d) Representative high resolution HAADF STEM image of [010] zone 
axis of the same sample. Two stacking faults on the (100) planes are marked with 
lines. Such defects were common throughout the specimen. 
 62 
Mo2C phase analysis was performed with both TEM and XRD. Mo2C phase 
identification literature has discrepancies between surface science and 
experimental nomenclature. Experimentally, Mo2C is generally characterized by 
XRD as having a hexagonally close packed structure (hcp β-Mo2C, JCPDS PDF # 
00-035-0787)19,43,56,122,123 or a metastable face-centered-cubic structure (fcc α-
Mo2C, JCPDS PDF # 00-015-0457)43,45,122. Surface science124 and DFT94,125 
literature often refers to α-Mo2C as the orthorhombic unit cell indexed by Parthé 
and Sadogopan46 (JCPDS PDF # 01-072-1683). This phase was originally 
believed to be hcp until Parthé and Sadogopan used neutron diffraction in 
conjunction with XRD analysis to deduce an orthorhombic structure, composed of 
slightly distorted hexagonally packed layers of Mo such that each Mo has three 
planar C neighbors. Differences between the hcp and the orthorhombic structures 
are difficult to observe in X-ray diffractograms because of the similarities of their 
diffraction patterns as shown in Fig. A.3 in conjunction with small crystallite sizes 
resulting in broad peaks. For the sake of consistency with experimental literature, 
we refer to the metastable fcc Mo2C as the α phase and the orthorhombic Mo2C 
phase as β. 
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X-ray diffractograms of passivated catalyst samples before and after 
reaction are shown in Fig. 3.2. Samples both before and after reaction exhibit 
primarily orthorhombic β-Mo2C with a small fraction of metastable fcc α-Mo2C. The 
post reaction sample shows a smaller α component. This sample was used for 
kinetic analysis for over 96 h time-on-stream at 415 K; the metastable α component 
of the catalyst most likely reformulated into the thermodynamically stable β phase 
over the extended reaction time. Samples before and after reaction were 
 
Figure 3.2. X-ray diffractograms of Mo2C catalysts before and after reaction, including 
reference diffractograms for fcc α-Mo2C (JCPDS PDF # 00-015-0457) and 
orthorhombic β-Mo2C (JCPDS PDF # 01-072-1683). The highest intensity MoO2 and 
MoO3 peaks ((110) and (210), respectively) are also included.  
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passivated in O2 flow and exposed to the atmosphere, and neither sample exhibits 
crystalline oxide domain formations as shown by the lack of any features in the 
region of the highest intensity peaks for the MoO2 and MoO3 phases. The primary 
peaks of the bulk MoOxCy phase at 2θ = 43˚ and 15˚ observed by Ledoux and 
coworkers47 were also absent, indicating that both passivation and reaction under 
O2 co-feed did not oxidize the bulk structure of Mo2C crystallites.  
Mo2C structure can be seen in the micrographs shown in Figures 3.1(c) and 
(d). Fig. 3.1(c) is a view down the [010] zone axis of orthorhombic β-Mo2C as 
reported by Parthé and Sadogopan46, clearly showing the distorted hexagonal 
lattice of Mo atoms. This theoretical structure was rotated, scaled, and overlaid on 
the atomic columns visible in the high resolution HAADF-STEM image of the 
representative particle, shown in Fig. 3.1(d). The excellent match in both size and 
symmetry confirms the presence of orthorhombic β-Mo2C. No observed particles 
exhibited hcp symmetry. 
XPS analysis of a similarly passivated sample (Fig. A.4) shows that the 
surface state of the passivated carbide comprises 51% Mo6+, 23% Mo4+, and 26% 
Mo3+, with Mo 3d5/2 peaks centered at 232.4, 229.9, and 228.9 eV, respectively. 
The more highly oxidized Mo 3d5/2 peaks we ascribe to the MoO3 and MoO2 
phases, representing 51% and 23% of the surface, respectively. Djéga-
Mariadassou and coworkers126 synthesized carbides via similar TPR methods, and 
the X-ray diffractogram of the post-passivation carbide exhibited characteristic 
peaks at 2θ = 39˚, 52˚, and 62˚, similar to our results. XPS analysis of this carbide 
 65 
showed 3d5/2 peaks at 230 eV, characteristic of Mo4+ due to MoO2 formation on 
the carbide surface with 1%O2/Ar passivation at ambient temperature for 1 h. 
Thompson and coworkers127 characterized pure MoO3 in the Mo6+ state with a 3d5/2 
binding energy (b.e.) of 232.5 eV, similar to the value we report above, indicative 
of MoO3 surface formation with our protocols for carbide passivation. Excess 
oxidation to form MoO3 in addition to MoO2 would be the simple result of longer 
passivation times or aging times before analysis. Thompson and coworkers also 
analyzed H2-reduced MoO3, observing a 3d5/2 b.e. at 228.9 eV; this peak was 
attributed to a possible molybdenum bronze/suboxide that was believed to be 
responsible for catalytic heteroatom removal, having a Mo3+ oxidation state. Mo 
3d5/2 b.e. of 228.2 and 227.9 eV, representative of Mo2+ in Mo2C and metallic Mo, 
respectively, were reported by Ledoux and coworkers. Both peaks were absent in 
our carbide sample, implicating the lack of significant quantities of these species 
on the surface of our passivated catalyst57. 
3.3.2 Oxygen modification of Mo2C: IPA dehydration kinetics, mechanism, and 
site requirements 
3.3.2.1 Induction period during oxygen modification of Mo2C 
In situ synthesized molybdenum carbide samples with negligible oxygen 
content (as described in Section 3.3.1) were used for catalytic reactions of IPA. 
Rates were normalized by a stoichiometric conversion between the mass of 
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paramolybdate loaded and Mo2C, with gcat referring to the calculated Mo2C loading 
(0.578 gcat gparamolybdate-1). At early times–on-stream, IPA is converted to 
predominantly acetone and C6+ products (~95% selectivity) with these products 
dwarfing propylene production (<1% selectivity). Products were analyzed using an 
Agilent GC/MS and included hexenes, hexadienes, 4-methyl-2-pentanol, methyl-
isobutyl-ketone, nonenes, nonadienes, acetone, and minimal propylene/propane. 
Acetone formation at early times-on-stream for catalyst loadings of 0.29 gcat 
approached near equilibrium conversion (Section A.2). These products are the 
result of IPA dehydrogenation to acetone, acetone condensation pathways 
 
Scheme 3.1. Proposed reaction network for IPA over acidic, basic, and metallic Mo2C 
catalytic sites. 
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followed by concurrent hydrogenation/dehydration, IPA dehydration, and possible 
propylene oligomerization. The proposed IPA reaction network is summarized in 
Scheme 3.1. 
O2 co-feed induced simultaneous increases in the rate of formation of 
propylene and DIPE, both acid-catalyzed dehydration products128–130. The 
increase in acid-catalyzed product formation rates was concurrent with a decrease 
in C6+ and acetone formation rates. This induction period could be transiently 
observed with slow O2 co-feed (Fig. A.5; PO2 ~ 0.1 kPa). O2 co-feed was typically 
introduced to the freshly synthesized carbide at pressures of PO2 = 1 – 13 kPa. 
These high oxygen co-feed pressures shortened the induction period to the order 
of minutes so as to usually be completed during the time of a typical GC injection 
used during this work (~20 min). This introduction of O2 to the extremely oxophilic 
carbide was accompanied by a temperature exotherm on the order of 100 K with 
loadings of 0.29 gcat. After the O2 exposure induction period, dehydration products 
dominate the product carbon selectivity (~90% carbon selectivity). Acetone 
production rates were severely inhibited by O2 introduction but still remained on 
the order of ~10% carbon selectivity after the majority of C6+ products were 
eliminated. Propane formation also decreased to trace quantities with increasing 
oxygen exposure. 
Acetone condensation over TPR-synthesized Mo2C was observed by 
Thompson and coworkers, condensing acetone with <10% product selectivity at 
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>35% conversion of ~10 kPa acetone/He at 483 K and ambient pressure with the 
remaining acetone conversion resulting in IPA and propylene formation16. Acetone 
condensation activity was attributed to the presence of basic sites exhibited by 
CO2 TPD. An MgO sample was shown to adsorb CO2 and not NH3; the MgO 
sample was active for acetone condensation at 473 K and produced no IPA 
dehydration products. Mo2C adsorbed CO2 and NH3 as evinced by TPD and was 
also active for acetone condensation, implicating basic sites on the carbide surface 
as the cause of this activity. Thompson and coworkers also demonstrated selective 
a)           b) 
 
Figure 3.3(a). Propylene synthesis rates as a function of IPA and O2 partial pressures. 
T = 415 K, ~ 0.015 gcat, P = 114 kPa, PCH4 = 4 kPa (internal standard), balance He. 
Space velocity of 133 cm3 s-1 gcat-1. (b) Logarithmic plot of propylene synthesis rate vs. 
reciprocal temperature at varying O2 partial pressures. T = 415 K, ~ 0.015 gcat, P = 114 
kPa, PCH4 = 4 kPa (internal standard), balance He. Space velocity of 133 cm3 s-1 gcat-1. 
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poisoning of IPA dehydrogenation via in situ CO2 co-feed, which did not affect the 
rate of IPA dehydration at 433 K and atmospheric pressure, indicating that basic 
sites may be partly responsible for dehydrogenation activity and that they have no 
effect on acidic dehydration rates131.  
Iglesia et al.11 observed a decrease in n-heptane hydrogenolysis areal rates 
with increasing oxygen treatment of tungsten carbide formulations; increasing 
oxygen treatment both decreased metallic (CO binding) site density and 
concurrently increased acidic (isomerization) areal rates, evincing that interstitial 
carbide oxygen exposure (i) suppresses metallic functionalities and (ii) generates 
acidic activity. Our results fall in line with those of Thompson and Iglesia, showing 
 
Figure 3.4. Reversible alteration of steady-state propylene and DIPE synthesis rates 
via O2 co-feed at T = 415 K, P = 124 kPa, space velocity of 152 cm3 s-1 gcat-1, 0.0151 
gcat loading, PIPA = 0.48 kPa, PH2 = 19 kPa, PCH4 = 4 kPa (internal standard), balance 
He. IPA conversion < 2%.  
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the elimination of alkaline/metallic activity via O2 introduction to Mo2C. The 
systematic analysis of the metallic and basic activity of the oxygen-free carbide 
catalysts will be reserved for later work while this report focuses on the reactivity 
of oxygen treated samples.  
3.3.2.2 Systematic IPA dehydration tunability with O2 co-feed 
After metallic and alkaline activity has been significantly suppressed via O2 
exposure, IPA was converted to primarily propylene, DIPE, and acetone, with 
acetone typically accounting for <10% carbon selectivity of reaction products. Fig. 
3.4 shows the effects of adding and removing an O2 co-feed. The addition of O2 to 
the reactants increases the rate of formation of both propylene and DIPE, reaching 
an increased and stable steady-state production of these products. DIPE rates 
were smaller than propylene rates, yet the two scaled similarly as shown in Fig. 
3.4, indicating the changes in rates originate from alteration of acid sites. Removal 
of the O2 co-feed was observed to restore propylene and DIPE rates to their pre-
O2-introduction values. This drop in rate was typically on the timescale of ~8 hours 
for catalyst loadings of 0.013 gcat, but the drop in rate could be expedited with an 
H2 co-feed. Alkaline and metallic activity did not resume with O2 co-feed removal.  
This rate of propylene formation can be reversibly manipulated and 
quantified as a function of co-feed oxygen partial pressure as shown in Fig. 3.5. 
O2 co-feed pressure was monotonically increased, sequentially awaiting the 
stabilization of the propylene production transient. O2 co-feed was then removed, 
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allowing propylene formation rates to drop and stabilize. This process was 
repeated to quantify propylene synthesis rate as a function of O2 pressure. Fig. 3.5 
incorporates four independent experiments in conjunction with repeated 
experimental measurements, demonstrating the reproducibility of this effect. 
Propylene production rates with constant O2 co-feed remained stable over the 
course of 16 hours (Fig. A.6).  
3.3.2.3 IPA dehydration kinetics 
Propylene formation rates were measured at differential conditions at 415 
K as a function of IPA pressure (0.048 - 4.8 kPa). Calculations using Mears’ criteria 
show the lack of any internal and external heat and mass transfer limitations 
(Section A.5). Independent experiments showed a linear increase in IPA 
 
Figure 3.5. Propylene synthesis rate as a function of O2 co-feed partial pressure at 415 
K, ~0.015 gcat, P = 114 kPa, PIPA = 0.48 kPa, PCH4 = 4 kPa (internal standard), balance 
He. PO2 varied from 0 – 13.5 kPa at a space velocity of 133 cm3 s-1 gcat-1, PO2 = 25.3 
kPa at a space velocity of 66.7 cm3 s-1 gcat-1. 
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conversion as a function of contact time, implying no external mass transfer 
limitations and no product inhibition are present at the examined reaction 
conditions (Fig. A.7). Propylene formation rates decreased ~16% with a fourfold 
increase in contact time (Fig A.8); this could be accounted for by secondary 
reaction pathways as demonstrated through the linear dependence of conversion 
on contact time and the increase in C6+ product formation at higher contact times, 
implicating secondary propylene oligomerization pathways as have been noted 
before over acid catalysts132. IPA dehydration was independently performed with 
0.5 kPa IPA and a 0.7 kPa H2O co-feed; no kinetic inhibition or deactivation was 
observed, demonstrating that H2O does not inhibit or deactivate propylene 
synthesis. 
IPA pressure dependence and activation energies of IPA dehydration to 
form propylene were measured with O2 co-feeds of 0, 0.27, 1.34, and 5.38, and 
13.45 kPa O2, and the results are plotted in Figures 3.3(a) and (b). Activation 
energies for propylene formation rates were measured by varying temperatures 
from 403 – 438 K. Propylene formation rate has a zero-order dependence on the 
IPA pressure as shown in Fig. 3.3(a), indicative of an IPA-saturated surface. The 
IPA saturated surface implied by the zero-order rate dependence upon IPA 
pressure designates calculated activation energies as intrinsic. Dehydration rates 
remained independent of IPA pressure, and activation energies remained constant 
at ~93 kJ mole-1, independent of O2 pressure from PO2 = 0 – 13.5 kPa (Figure 
3.3(b)). 
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3.3.2.4 In situ acid site identification and quantification via 2,6-di-tert-
butylpyridine titration 
 The acid site density of the oxygen-modified Mo2C catalysts was measured 
using in situ DTBP titrations. The DTBP mole fraction of the titration mixture was 
such that the overall partial pressure of IPA varied negligibly (3x10-4 – 1.7x10-3 
mole fraction DTBP). The drop in the propylene production rate was monitored 
using an online GC. During the time when the propylene production rate dropped 
linearly, it was assumed that each DTBP was absorbed on an acid site in a 1:1 
stoichiometry. This rate of titration was extrapolated to the time when the propylene 
production rate would reach zero. The flow rate of DTBP multiplied by this time to 
complete titration was used to calculate the number of acid sites in the catalyst, 
and the steady-state rate of propylene production was then normalized by this 
number of acid sites to calculate a turnover frequency (TOF), as shown in Fig. 3.6. 
Experiments with simultaneous online MS monitoring confirmed that DTBP 
breakthrough did not occur during the initial stages of titration, validating our 
extrapolation method. Titrations were performed at various O2 co-feed partial 
pressures, and the TOF is plotted with respect to propylene production rate per 
gram of catalyst in Fig. 3.7.   
Fig. 3.7 shows that while the rate of propylene production per gram of 
catalyst varies over a factor of 80, the TOF per acid site remains invariant within a 
factor of ~2. DTBP proved to be an irreversible titrant as shown in Fig. 3.6; after 
titration and subsequent return to pure IPA flow, propylene rates did not recover to 
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their previous pre-titration values. Titrations would decrease propylene production 
rate significantly, but rates did not reach zero. This implies that either (i) a small 
fraction of active sites cannot be titrated either due to steric restrictions imposed 
by the porous nature of the catalyst and/or the bulky nature of DTBP, or (ii) there 
are additional dehydration sites that are chemically distinct from those titrated by 
DTBP.  
The rate that remained un-titrated varied from 8-60% of the pre-titration rate, 
and the fraction of the rate that remained un-titrated was higher at lower site 
 
Figure 3.6. Propylene synthesis rate as a function of time after introduction of the DTBP 
titrant. T = 415 K, ~ 0.29 gcat, P = 114 kPa, PIPA = 1 kPa, PCH4 = 4 kPa (internal standard), 
balance He, space velocity of 6.9 cm3 s-1 gcat-1. Titrant flow is an equivalent volumetric 
flow of IPA/DTBP with < 1x10-3 DTBP mole fraction. Pure IPA flow resumed at ~ 180 
min after titrant introduction. The diagonal dashed line shows the linear extrapolation 
used to calculate propylene turnover frequency (TOF).  
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density conditions (Fig. A.9). Both TEM and BJH pore diameter estimation confirm 
the presence of pores 2 nm or smaller. Fig. 3.1(b) in particular shows pores on the 
order of 1 nm; the mass thickness contrast of the TEM specimen would be almost 
entirely due to the heavy Mo, so additional steric hindrance caused by any surface 
buildup during catalytic reaction would only serve to further hinder DTBP access 
to sites within these pores, but these hindered sites could still be accessible for 
IPA dehydration. This would explain the un-titrated rate as an effect of sterically 
inaccessible sites circumscribed within catalyst pores.  
 
 
Figure 3.7. Propylene turnover frequency (TOF) as a function of propylene synthesis 
rate normalized by catalyst loading. Propylene rate per gram was manipulated with O2 
co-feed variation from PO2 = 0 – 13.5 kPa, and TOF was calculated using Brønsted acid 
site density measured by in situ DTBP titrations. T = 415 K, ~ 0.29 gcat, P = 114 kPa, 
PIPA = 1 – 2 kPa, PCH4 = 4 kPa (internal standard), balance He, space velocity of 6.9 
cm3 s-1 gcat-1. 
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Hypothetically, if a small portion of omnipresent Lewis acid sites on the 
catalyst surface were responsible for this residual rate, and these sites were 
indeed chemically distinct from those titrated by DTBP, then these sites would 
dehydrate IPA via a distinct mechanism with a distinct activation energy. These 
Lewis acid sites would cause a change in the measured activation energy of 
dehydration due to the large contribution of Lewis acid sites to the total dehydration 
activity at low site density. Fig. 3.3(b) clearly shows that the activation energy for 
unimolecular dehydration remains constant at ~93 kJ mole-1 at the lowest 
measured acid site density; this provides strong evidence against the existence of 
a discernibly large population of Lewis acid sites, which in turn strengthens the 
postulate that the un-titrated rate is simply due to a fraction of Brønsted acid sites 
being sterically inaccessible. 
Work by Bond et al.133 measured intrinsic activation energy of IPA 
dehydration over bulk and supported Keggin polyoxometalates (POM) PW12O40 at 
conditions where the reaction rate was independent of IPA pressure over 
temperature ranges of 328 – 408 K. Measured activation energies varied from 43 
– 147 kJ mole-1 simply based on catalyst pre-treatment and the nature of the 
support, demonstrating that even slight alterations to the nature of the acidic active 
site can manifest in the apparent activation energy of dehydration. The constant 
activation energy of ~93 kJ mole-1 over a tunable range of propylene production 
rates (see Figure 3.3(b)) implies that the nature of the active site remains invariant 
with oxygen treatment.  
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The fact that dehydration rates were irreversibly titrated by the sterically 
hindered DTBP implies that this acidic activity is Brønsted in nature. Brown and 
coworkers134 synthesized DTBP and noted that DTBP reacted with HCl but not 
BF3. Brown and coworkers also prepared three solutions of SO3 in SO2 at 263 K, 
to which they added equimolar amounts of pyridine, 2,6-lutidene, and DTBP. 
Pyridine and 2,6-lutidene readily formed addition products with SO3, whereas 
DTBP did not form the addition product and formed sulfonic acid instead. This work 
demonstrates the selective binding of DTBP to Brønsted acids and its inability to 
bind to Lewis acids.  
Iglesia and coworkers106,135 used DTBP as a selective in situ Brønsted acid 
titrant for n-hexane isomerization over Keggin POMs and 2-butanol dehydration 
over WOx/ZrO2 catalysts from 343-473 K at ambient pressure. DTBP titrations 
completely and irreversibly eliminated isomerization and dehydration activity over 
both of these Brønsted acid catalysts, however, DTBP did not inhibit dehydration 
of 2-butanol at 403 K over γ-Al2O3, known to possess only Lewis acidity. High 
surface area MoOx/TiO2 species synthesized via TPR methods similar to those 
used in this work were investigated by Al-Kandari,136 and these catalysts exhibited 
Brønsted acidity as observed via characteristic pyridinum ion N-H stretching 
frequencies located at 1636 cm-1 and 1536 cm-1.137. Pan et al.138 synthesized Lewis 
acidic Zr-incorporated zeolite catalysts as characterized by IPA dehydration 
activity and a lack of characteristic Brønsted FTIR signals at 1540 cm-1 and 1640 
cm-1. 
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3.3.2.5 IPA dehydration mechanism determination using the kinetic 
isotope effect 
 The kinetically relevant step of IPA dehydration was investigated with the 
use of the kinetic isotope effect (KIE). A flow of isotopically labeled IPA, either 
C3H7OD or C3D8O, was switched with an equivalent volumetric flow rate of C3H8O 
with the use of a four-way valve. Reactant flows were switched after at least 1 h of 
steady-state propylene production. Dehydration of C3H8O was resumed after 
isotopically labeled IPA dehydration; this reference condition was used to ensure 
that any drop in propylene production rate could be entirely attributed to the IPA 
isotopic content. 
 The C3H7OD exhibited a KIE of 1.02, and the C3D8O exhibited a KIE of 1.86. 
This implies that scission of the O-H bond is not kinetically relevant, but a C-H 
bond is involved in the rate-determining step (RDS). A KIE of 1.86 implies a primary 
kinetic isotope effect, meaning the direct scission of the isotopically labeled bond 
is the RDS. The measured KIE of 1.86 is smaller than the theoretically predicted 
KIE for C-H bond scission at 415 K (Section A.6); this implies that the transition 
state involves incomplete severance of the C-H bond. 
IPA contains six β-hydrogen atoms and one α hydrogen. Since the 
propylene formed still retains one α-hydrogen, it would be highly unlikely that this 
hydrogen would be removed in the RDS and then subsequently replaced. This 
implies that the kinetically relevant step for IPA dehydration over oxygen-modified 
Mo2C is the rate of β-hydrogen abstraction in classic E2 elimination fashion, similar 
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to that seen in amine hydrodenitrogenation (HDN) over Mo2C139. Schwartz et al.139 
concluded that HDN occurred via a β-elimination mechanism due to the decrease 
in HDN rates with increasing degree of substitution at the β-position (relative to the 
nitrogen atom) of reactant amines, an almost identical heteroatom removal 
mechanism to that observed in this work. 
3.3.2.6 Proposed IPA dehydration mechanism over O*-Mo2C 
The mechanism proposed for the dehydration of IPA over oxygen-modified 
Mo2C is shown in Scheme 3.2, where *A*B is the catalytically active acid-base pair, 
KIPA is the equilibrium binding constant of IPA to the active site, k1 is the intrinsic 
dehydration rate constant, and Kw is the equilibrium dissociative binding constant 
of water to the active site. The mechanism is a simple dehydration mechanism 
over a single acid-base pair, requiring the adsorption of the reactant IPA onto the 
active site and a kinetically relevant RDS of β-hydrogen scission. We assume that 
empty sites and IPA are the only relevant surface species because of the lack of 
product inhibition observed from space velocity variation experiments (Fig. A.7) 
and independent studies that show the absence of product inhibition by H2O as 
discussed in Section 3.3.2.3.  
The reaction mechanism shown in Scheme 3.2 yields the following rate 
expression: 
 𝑟 = 	 𝐿 𝑘)𝐾+,-𝑃+,-1 + 𝐾+,-𝑃+,-  (Eq. 3.1) 
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where r is the rate of propylene formation in mol s-1 gcat-1, [L] is the acid site density 
in sites gcat-1, k1 is the intrinsic IPA dehydration rate constant in mol s-1 site-1, KIPA 
is the equilibrium binding constant of IPA to the oxygen modified Mo2C surface, 
and PIPA is the partial pressure of IPA in the feed. Fig. 3.3(a) shows that for all O2 
co-feed pressures, the rate of propylene formation is essentially independent of 
IPA pressure over two orders of magnitude, indicating a surface saturated with 
IPA; this yields a rate expression of the form r = k1[L]. This model implies that the 
 
 
Scheme 3.2. Proposed reaction mechanism for IPA dehydration over O*-Mo2C 
Brønsted acid sites. 
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measured rate constant and activation energy are the intrinsic as opposed to 
apparent values. Scheme 3.2 was designed for an arbitrary acid-base pair on an 
active surface, but irreversible titration by DTBP implies the presence of Brønsted 
acidity. This would make the active acid site, *A, a Brønsted acidic proton, and the 
conjugate base, *B, would most likely be a nearby Mo-O species. Matsuda et al.93 
showed similar IPA dehydration activity over H2-reduced MoO3 catalysts that 
showed no significant induction period, further implying the importance of the 
oxidized surface for dehydration activity in contrast to the nature of the bulk 
carbide. We cannot ascertain the exact nature of the active phase on the surface 
as far as a carbide, oxide, or oxycarbide designation, but the active site for this 
acidic activity is an O2-induced Brønsted acid site.  
This active site is similar to that theorized by Chia et al.113 involving a 
partially oxidized ReOx/Rh or MoOx/Rh, creating a strong Re-O or Mo-O bond and 
subsequently a weak O-H bond and high nucleophilicity of an adjacent O serving 
as a conjugate base. Chia and coworkers investigated the hydrogenolysis of cyclic 
ethers, observing hydrogenolysis of secondary C-O bonds over both Rh-ReOx/C 
and Rh-MoOx/C. This catalysis was hypothesized as the result of the bifunctionality 
of ReOx or MoOx Brønsted acidic ring-opening and subsequent metallic 
hydrogenation. Acidity was verified by both NH3 TPD experiments and rate 
suppression via NaOH co-feed; catalytic activity was also noted to decrease under 
higher H2 pretreatment temperatures, known to reduce ReOx or MoOx. These 
findings were supported by DFT reaction pathway energetic calculations using a 
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ReOx/Rh(111) postulated active site, evincing the development of acidic active 
sites via oxidation of oxophilic transition metals. 
Brønsted acidic activity resulting from oxidation of the Mo formulation 
adequately explains the observed IPA dehydration, and pre-oxidation metallic and 
hydrogenation activity is rationalized by Mo2C catalysis as previously observed by 
Thompson and coworkers16. O2-induced elimination of metallic and alkaline activity 
is the result of the oxidation of these surface carbide sites, similar to the effects 
seen by Iglesia et al.,11 and the lack of reversibility of this catalytic stifling is 
because of the extreme oxophilicity of the surface and thermodynamic favorability 
of O* binding as previously observed by Leary37 and Liu94. In an independent 
experiment, H2O co-feed was also shown to diminish metallic activity of the 
carbide, but the oxidation was not as severe or complete as with the use of an O2 
co-feed. A freshly synthesized carbide was treated with 10 kPa H2O for 2.5 h; rates 
of propylene production increased nearly fourfold while rates of C6+ formation 
dropped by nearly half when compared to a fresh in situ carbide with no H2O or O2 
exposure. The similar effects of O2 and H2O implicate the oxidation of the catalyst 
surface as the underlying cause of the shift from a metallic/alkaline catalyst to an 
acidic catalyst. 
This reaction pathway analysis may not be valid for all reaction conditions 
as the versatility of these oxycarbidic formulations varies based on reaction 
conditions. Lee28,79 and Prasomsri25 investigated catalytic HDO of furfural and 
anisole, molecules which cannot undergo simple dehydration due to the lack of a 
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sp3-hybridized β-hydrogen. These molecules underwent deoxygenation over 
similar molybdenum oxycarbide formulations at 423 K, evincing deoxygenation 
mechanisms distinct from the dehydration observed in this work. Similarly, UHV 
studies of the Mo2C surface by Chen and coworkers18,54 demonstrate C2-C3 
alcohols and ketones undergoing primarily decomposition to surface adatoms; this 
reactivity under non-catalytic conditions differs from oxygenate dehydration 
exhibited in this study. 
 The culmination of these findings demonstrates the complex and tunable 
nature of molybdenum formulations as catalysts. Mo2C catalytic activity can be 
manipulated from primarily metallic and alkaline to primarily acidic, and acidic 
dehydration rates can be controllably modified via simple O2-induced site density 
alteration. This research demonstrates that catalytic Brønsted acidity of oxophilic 
transition metal carbide formulations is the result of oxidation and that acid site 
density in these materials can be altered without affecting bulk crystal structure. 
3.4 Conclusions 
 Catalytically multifunctional, porous, high-surface area Mo2C was 
synthesized; this formulation converted IPA via metallic dehydrogenation, alkaline 
condensation, and acidic dehydration pathways. Catalyst structure comprised of 
2-5 nm Mo2C crystallites of orthorhombic β-Mo2C as inferred from X-ray 
diffractograms and observed in TEM. Prior to oxygen exposure, the carbide 
showed significant metallic and alkaline activity, specifically dehydrogenation and 
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carbonyl condensation reactions. Increasing catalyst surface oxidation repressed 
metallic dehydrogenation and alkaline condensation rates irreversibly while 
concurrently amplifying acidic dehydration rates.  
This acidic activity could be reversibly manipulated via O2 co-feed to tune 
dehydration rates of IPA. Acidic tunability was a result of acid site density 
manipulation as demonstrated by (i) constant intrinsic activation energy for 
unimolecular IPA dehydration and (ii) constant IPA dehydration TOF of ~0.1 s-1 as 
measured by in situ DTBP titrations. Acidity was Brønsted in nature, and DTBP 
titrations demonstrated the porous nature of the catalyst, which evinced the 
existence of a fractional population of chemically indistinguishable yet sterically 
hindered active sites. Reversible manipulation of Brønsted acid site density via O2 
co-feed at 415 K was shown to not affect the structure of bulk Mo2C crystals; X-
ray diffractograms showed no evidence for crystalline molybdenum oxide or 
oxycarbide formation. 
 The oxophilic nature of the oxygen-modified carbide surface was made 
evident by a kinetically observable IPA saturated surface at IPA pressures as low 
as 0.048 kPa and O2-induced exotherms. IPA dehydration was independent of IPA 
pressure and occurred with an intrinsic activation energy of 93 ± 1.3 kJ mole-1, and 
the IPA dehydration was devoid of product inhibition at product partial pressures 
comparable to reactant feed pressures. IPA dehydration occurred via an E2 
elimination mechanism involving a rate-determining step of β-hydrogen scission 
as demonstrated by a primary KIE. The oxygen-modification of highly oxophilic 
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transition metal carbides to reversibly generate Brønsted acidity is analogous to 
that noted for oxophilic metals such as Re and Mo.  
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4. ACID SITE DENSITIES AND REACTIVITY OF OXYGEN-MODIFIED 
TRANSITION METAL CARBIDE CATALYSTS 
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4.1 Introduction 
Multifunctional interstitial transition metal carbide catalysts have been 
shown to catalyze hydrogenolysis,1,2,49 hydrogenation,2,4,7,37,64 
isomerization,11,103,104,140,141 and hydrodeoxygenation (HDO)17,19,24,26,55 reactions. 
The diverse functionalities of transition metal carbide bulk formulations arise from 
different catalytically active sites generated by modification of the catalyst surface. 
Ribeiro et al.10,12 reported a bifunctional metal-acid surface of an oxygen-modified 
tungsten carbide formulation that catalyzed isomerization of C5-C7 alkanes at 
atmospheric pressure and 430-630 K via sequential dehydrogenation/methyl 
shift/hydrogenation pathways as evinced by terminal isotopic enrichment in n-
heptane-1-13C isomerization reactions in contrast to the C5 hydrogenolysis 
mechanism prevalent over noble metals that would also yield isotopic enrichment 
of interior carbon atoms. WC and W2C catalysts were oxygen-modified via slow O2 
introduction (0.1 μmol s-1 g-1) at room temperature followed by heating under 20 
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kPa O2 to 300-800 K, and catalysts were finally pretreated under H2 flow at 673 K 
for 1-2 h prior to exposure to reaction conditions (95 kPa H2). The presence of 
Brønsted acid sites on O*-WCx catalysts was implicated by the methyl shift 
isomerization mechanism in addition to ex situ NH3 temperature programmed 
desorption (TPD) studies; these acid sites were shown to be similar to acid sites 
on WOx catalysts because comparable product distributions of 3,3-
dimethylpentane isomerization over O*-WC and Al2O3-supported Pt/WO3 catalysts 
were observed. Isomerization site time yields, normalized by ex situ irreversible 
CO chemisorption uptakes, were similar over 700-K oxygen-modified WC and W2C 
catalysts (244 x 10-3 vs. 125 x 10-3 s-1).10–12 Lamic and coworkers69 also 
demonstrated isomerization of n-heptane over both bifunctional WCx and mixed 
Mo2C/WO2 catalysts, hypothesizing that the carbidic Mo2C or WCx acts as the 
de/hydrogenation catalyst and the acidic WO2 provides the Brønsted acidic site 
necessary for the isomerization of n-heptene via a carbenium ion intermediate.  
Iglesia and coworkers106,142 demonstrated the presence of both Brønsted 
and Lewis acid sites on supported WOx catalysts that were active for both 
isomerization and dehydration through the use of in situ pyridine and 2,6-di-tert-
butylpyridine (DTBP) titrations. Ruddy and coworkers143,144 demonstrated the 
presence of acid sites on bulk β-Mo2C and on SBA-15-supported α-MoC1-x 
nanoparticles via both NH3 temperature programmed desorption (TPD) studies 
and density functional theory (DFT) calculations that showed comparable NH3 
binding energies between O*-MoCx and proton-form zeolites. Although acid sites 
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have been reported to exist across transition metal oxides and oxygen-modified 
transition metal carbides, quantification and comparison of acid site densities and 
strengths are lacking, and similarities between oxidic and carbidic acid sites have 
yet to be characterized.  
We have previously investigated the acidic and metallic characteristics of 
molybdenum carbide catalytic formulations during HDO of biomass-derived 
oxygen-containing molecules including anisole, furfural, m-cresol, and 
acetone.28,78–80,112,145,146 Metallic sites responsible for anisole, furfural, and m-
cresol HDO can be selectively titrated using CO, and Brønsted acid sites 
responsible for the rate-determining isopropanol (IPA) dehydration during the 
sequential hydrogenation/dehydration of acetone could be selectively titrated 
using DTBP. These in situ titrations allow for site density and TOF measurements 
of the catalytically active sites without ex situ methods, yielding both the identity 
and quantity of active sites.  
In this work, we use IPA dehydration activation energy, TOF, and site 
density measurements as probes of acid sites on freshly synthesized as well as 
oxygen-modified (O*) transition metal carbide catalysts of molybdenum and 
tungsten (α-Mo2C, β-Mo2C, W2C, and WC). Catalysts demonstrated extreme 
oxophilicity as noted by zero-order kinetics with respect to IPA pressure, indicative 
of a catalyst surface saturated with oxygenate. Intrinsic activation energies and 
dehydration turnover frequencies (TOF) were calculated using acid site densities 
measured via in situ DTBP titration. Selective DTBP titration both directly 
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demonstrates the presence of Brønsted acid sites on O*-modified carbides and 
allows for calculation of intrinsic dehydration TOF values. Acid site densities 
increased with O2 co-feed-induced surface oxidation, but the nature of the active 
sites, as quantified via intrinsic activation energies and TOF, was similar across all 
measured catalysts regardless of bulk carbide structure, presence of O2 co-feed, 
or bulk transition metal (Mo or W). The nature of the acid sites on TPR-synthesized 
transition metal carbides is uniform across formulations oxidized by both reactant 
alcohol O* incorporation and direct O2 co-feed at reaction conditions. The 
persistent and consistent nature of acid site identity with O* source, site density, 
transition metal, and bulk crystal structure serves to further the understanding of 
catalytic applications of oxophilic transition metal carbides or other oxophilic 
catalytic materials from both a fundamental perspective as well as for any potential 
acid catalysis/HDO applications. 
4.2 Experimental 
4.2.1 Catalyst synthesis and passivation 
All catalysts were prepared in a quartz tubular reactor (I.D. 10 mm). Catalyst 
precursors were heated either in a three-zone or in a one-zone split tube furnace 
(Applied Test Systems) under gas flows including CH4 (Matheson, 99.97%), H2 
(Matheson, 99.999%), or He (Minneapolis Oxygen, 99.997%).  
Synthesis of orthorhombic β-Mo2C was carried out using a temperature-
programmed reaction method reported previously.28,70,119 Batches of catalyst were 
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synthesized using 0.03–1.0 g ammonium paramolybdate (sieved, 177–400 μm, 
(NH4)6Mo7O24·4H2O, Sigma, 99.98%, trace metal basis). The paramolybdate was 
heated at 0.06 K s-1 to 623 K and held at 623 K for 12 h under total flow of 3.0 cm3 
s-1 of 15 vol% CH4/H2, followed by a temperature ramp at 0.046 K s-1 from 623 K 
to 873 K and a temperature hold at 873 K for 2 h. The reactor was then cooled 
under the same gas flow to reaction temperature (415 K) to begin reaction.  
Cubic α-Mo2C (also labeled as α-MoC1-x)144 was synthesized according to 
a modified method of Vitale and coworkers.147 Sucrose (5 g) and ammonium 
paramolybdate (5 g) were dissolved in 40 mL deionized H2O, and the mixture was 
homogenized and magnetically stirred at ambient temperature for 0.25 h. The 
mixture was then placed in an oven at 393 K for 24 h. A dark grey porous solid 
mass was formed; the resulting solid was crushed and used as a precursor. 
Approximately 2 g of this precursor was treated under flowing He, heated at 0.25 
K s-1 to 1073 K, held at 1073 K for 0.5 h, then cooled to ambient temperature under 
the same flow. This product was shown to have bulk α-Mo2C crystal structure (see 
discussion in Section 4.3 below). Approximately 0.2 g of this precursor was then 
heated under flowing He to 415 K for IPA dehydration measurements and was 
subsequently treated with 13 kPa O2 co-feed under reaction conditions as 
dehydration rates rose until they reached a stable value.  
WC and W2C catalysts were synthesized according to a modified method 
of Delannoy and coworkers.148 Both catalysts were synthesized with 0.03 – 0.1 g 
WO3 precursor (Sigma Aldrich, 99.995% trace metal basis) using the quartz tube 
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flow system described above under 1.82 cm3 s-1 total flow of 20% CH4/H2 and 
heated at 0.0167 K s-1 until their final synthesis temperature (1073 K for WC, 903 
for W2C), and finally held isothermally for 8 h. CH4 gas flow was then removed, 
and the catalyst was allowed to cool to 415 K under H2 flow.  
Catalysts were passivated after reaction by treatment in flowing 1% O2/He 
(Matheson, Certified Standard Purity) at 1.0 cm3 s-1 for at least 0.75 h in an effort 
to avoid violent bulk oxidation with atmospheric O2.16,51 Samples were passivated 
even if treated with O2 co-feed during reaction. 
4.2.2 Catalyst characterization 
The mass fraction of molybdenum in the α-Mo2C was analyzed by 
inductively coupled plasma optical emission spectroscopy (ICP-OES); 
experimental details are provided in Section B.1. 
X-ray diffraction (XRD) was performed with a Bruker D8 Discover 2D X-ray 
diffractometer equipped with a 2-D VÅNTEC-500 detector and a 0.8-mm 
collimator. Cu Kα1 and Kα2 radiation was used in conjunction with a graphite 
monochromator. Scans were performed in two or three frames for 300 s per frame. 
Total scan range was typically 2θ = 20˚ to 80˚ with the scan frames being adjusted 
so as to center the primary intensity peaks in each frame. The 2D scans were 
converted to 1D intensity vs. 2θ with a step size of 0.04˚ 2θ and merged for 
analysis. A zero background holder was used with a small amount of vacuum 
grease for sample support.  
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Surface area and porosity of the passivated catalyst samples was 
measured using an ASAP Micromeritics 2020 analyzer. BET surface area and 
porosity measurements using N2 were performed at liquid nitrogen boiling 
temperature. Prior to N2 physisorption measurements, samples were degassed to 
<6 μm Hg and heated to 523 K at 0.17 K s-1 and held for 2–4 h. BET Surface areas 
of oxygen-modified carbide samples were typically <5 m2 g-1, and surface areas of 
post-reaction samples without O2 co-feed were typically ~20 – 60 m2 g-1; surface 
areas were not used for quantitative comparison due to their evolution with O2 
exposure27 or aging time.79 
4.2.3 Reaction and titration methods 
Reactions were carried out in an apparatus described previously.70 Briefly, 
reactants were fed to stainless steel reactor lines via either an M6 Valco syringe-
free liquid handling pump or a KD Scientific syringe pump (KDS120). Reactant 
lines were heated by resistive heating tape to prevent condensation. Isopropanol 
(ACS 99.97%), argon (Matheson, 99.999%), and helium (Minneapolis Oxygen, 
99.997%) were used as received. Products and reactants at the reactor effluent 
were quantified using a flame ionization detector (FID) with an online gas 
chromatograph (Agilent 7890 GC); gas-phase separation prior to the FID was 
accomplished with a J&W HP-1 dimethylpolysiloxane column (50.0 m length, 320 
μm I.D., 0.52 μm film). Helium was used as the column carrier gas at a flow rate 
 93 
of 0.15 cm3 s−1. GC oven temperature profiles for reactor effluent separation 
typically began at 213 K for 0.058 h and were ramped to 423 K at 0.42 K s−1.  
IPA partial pressure was varied from ~0.044 – 4.4 kPa by altering liquid flow 
rates from ~10 to 800 μL h-1. For temperature variation experiments, reactor 
temperature was measured at the moment of sample injection into the GC with 
reactor temperature measured by a thermocouple in a thermal well on the external 
surface of the quartz reactor. Temperatures were raised and lowered ~15 K from 
the standard reaction temperature of 415 K; repeats of rates at multiple 
temperatures were performed over the course of the experiment to ensure 
consistency and lack of catalyst history effects.  
Titration experiments were performed with liquid mixtures of IPA and 2,6-
di-tert-butylpyridine (DTBP). After catalyst synthesis and possible O2 co-feed 
introduction, IPA was introduced and steady state propylene production rates were 
obtained (typically ~1 h of stabilization time). IPA partial pressure variation 
experiments were performed first, followed by temperature variation experiments. 
Temperature and propylene production rates were subsequently stabilized at 415 
K. The flow of reactants was then switched from pure IPA flow to the IPA/DTBP 
mixture at an identical volumetric flow rate. DTBP mole fraction in the IPA/DTBP 
mixture was ~3×10−4. The propylene formation rate was monitored using online 
gas chromatography and was linearly extrapolated to zero during titration to 
estimate the total DTBP uptake as a measure of acid site density. 
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4.3 Results and Discussion 
 Figure 4.1 (a) shows the rate of IPA dehydration to form propylene over in 
situ synthesized molybdenum and tungsten carbides without any exposure to 
oxygen. Rates are normalized by the total moles of metal atoms in the oxide 
 
Figure 4.1. Propylene synthesis rates over interstitial carbide catalysts of tungsten and 
molybdenum, normalized per mole of W or Mo, as a function of IPA partial pressure (a) 
with no O2 co-feed, or (b) with 13 kPa O2 co-feed. T = 415 K, P = 114 kPa, PCH4 = 4 
kPa (internal standard), balance He or Ar. Total gas flow rate of 1.83 cm3 s-1. 
Approximately 0.1 g of oxide precursor was loaded for each synthesis and subsequent 
reaction tests (0.2 g for α-Mo2C). Conversion varied from 0.1 – 19% for (a) and 0.3 – 
66% for (b).  
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precursor. Rates were measured in the absence of heat and mass transfer 
limitations (Section B.2). Dehydration rates typically varied <10% over the course 
of an ~8 h experiment to measure IPA pressure dependence, activation energy, 
and TOF. Fresh carbides that had not been exposed to O2 co-feed exhibited 
Figure 4.2. Propylene synthesis rates over interstitial carbide catalysts of tungsten and 
molybdenum, normalized per mole of W or Mo, as a function of temperature (a) with 
no O2 co-feed, or (b) with 13 kPa O2 co-feed. P = 114 kPa, PCH4 = 4 kPa (internal 
standard), PIPA = 0.54 or 1.1 kPa, balance He or Ar. Total gas flow rate of 1.83 cm3 s-1. 
Approximately 0.1 g of oxide precursor was loaded for each synthesis and subsequent 
reaction tests (0.2 g for α-Mo2C). Conversion varied from 0.1 – 20% for (a) and 0.9 – 
78% for (b).  
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increasing dehydration rates at early times on stream, hypothesized to be 
attributable to surface oxidation from deposited oxygen during an initial transient 
in IPA catalytic dehydration. Propylene formation rates over all carbides exhibit 
zero-order dependence upon IPA pressure over two orders of magnitude (~0.044 
– 4.4 kPa). The zero-order dependence is in line with the expected oxophilicity of 
these carbides; the catalyst surface is saturated with IPA even at low reactant 
partial pressures. Propylene was the primary product formed. Acetone was formed 
in small quantities (<5% carbon selectivity) over fresh catalysts and formed 
negligibly once O2 co-feed was introduced. Di-isopropylether (DIPE) was formed 
with typically <10% carbon selectivity. DIPE formation rates showed a positive 
order dependence upon IPA pressure. DIPE formation rates were not used for 
characterization and quantification of acid sites on the catalyst in this study due to 
the nonzero-order kinetics and the low product formation rates. A linear 
dependence of carbon conversion on contact time evinced an absence of product 
inhibition.70   
Carbides synthesized under identical conditions were also tested for IPA 
dehydration with a co-feed of 13 kPa O2, and the results are plotted in Figure 
4.1(b). O2 co-feed increased dehydration rates per bulk metal atom by an order of 
magnitude for all carbides tested in this work. The rate dependence upon IPA 
pressure remained invariant (zero-order), indicative of a reactant-saturated 
surface. These results for β-Mo2C have been published previously,70 and the three 
additional carbides tested in this work behaved similarly as characterized by zero-
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order kinetics and a concurrent increased dehydration rate with O2-induced 
surface oxidation.  
Temperature variation experiments were performed on carbides with both 
zero and 13 kPa O2 co-feed, and the rates of propylene formation as a function of 
temperature are plotted in Figures 4.2(a) and 4.2(b). The activation energies that 
can be extracted from the slopes of Figures 4.2(a) and 4.2(b) are intrinsic because 
of the zero-order dehydration kinetics. The data presented in Figures 4.1(a) and 
4.1(b) exhibit an order of magnitude increase in the measured propylene rates with 
oxygen co-feed, but the IPA dehydration kinetics (as quantified by the activation 
energy) remained invariant even with an order of magnitude increase in rate. The 
activation energies extracted from the slopes of Figures 4.2(a) and 4.2(b) and 
tabulated in Table 1 are shown to be similar.  
Table 4.1. Kinetic parameters of IPA dehydration over carbides of Mo and W with and 
without O2 co-feed. Tabulated numbers were obtained from data plotted in Figures 4.1, 
4.2, and 4.3. 
 No O2 co-feed 13 kPa O2 co-feed 
 Ea1 
 
α2 
 
TOF3 
 
L4 
(/10-5) 
Ea1 
 
α2 
 
TOF3 
 
L4 
(/10-5) 
W2C 104 ± 6 -0.05 0.14 17 100 ± 7 0.01 0.31 78 
WC 89 ± 9 0.06 0.14 6 98 ± 4 0.11 0.30 82 
α-Mo2C 99 ± 8 0.08 - - 99 ± 5 0.02 0.19 4 
β-Mo2C 92 ± 4 -0.02 0.07 6 94 ± 3 0.05 0.13 66 
 
1Activation energy in units of kJ mol-1 
2 IPA partial pressure dependence on propylene formation rate (r = kPIPAα)  
3 Propylene turnover frequency with units of (propylene s-1 DTBP site-1) 
4 Brønsted acid site density, as calculated by DTBP uptake extrapolated to titrate dehydration 
rates completely, normalized per bulk metal atom (Mo or W) 
 98 
Propylene turnover frequencies (TOF), normalized by the acid site density 
calculated from the extrapolated time to complete titration based off of DTBP co-
feed titration experiments, are plotted in Figure 4.3 and also tabulated in Table 1. 
Acid site densities per bulk metal atom are also reported due to difficulties in 
accurately ascertaining oxidized sample surface area as mentioned in Section 
4.2.2. A typical DTBP titration experiment is shown in Section B.3. TOF values for 
all experiments performed in this work are plotted in Figure 4.3 along with TOF 
values calculated from intermediate O2 co-feed pressures for W2C and β-Mo2C. A 
TOF for α-Mo2C with no O2 co-feed could not be calculated due to the inability of 
DTBP to titrate the extremely low dehydration rate. The nature of the as-
synthesized α-Mo2C surface was noticeably different from the other catalysts used 
in this study due to the synthesis procedure (described in Section 4.2.1). The 
surface prior to O2 co-feed was expected to be covered in carbon residue due to 
the large carbon content of the sucrose in the synthesis precursor. ICP-OES of the 
α-Mo2C sample showed ~37 wt% Mo as compared to the theoretical 94 wt% Mo 
of a pure α-Mo2C sample. O2 co-feed caused a ~130 h transient during which the 
propylene production rate rose and finally stabilized; IPA dehydration pressure 
dependence, activation energy, and TOF were measured at this stable dehydration 
rate (Section B.4).  
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Propylene TOF values for all MoCx samples varied within a factor of ~2 
regardless of O2 co-feed pressure; WCx propylene TOF values also varied within 
a factor of ~2 for O2 co-feed experiments. WCx propylene TOF values were also 
typically higher than MoCx by a factor of ~2. This implicates a similarity in the 
nature of the acid sites for IPA dehydration across fresh and oxygen modified 
carbides of molybdenum and tungsten.  
 
Figure 4.3. Propylene turnover frequency (TOF) as a function of propylene synthesis 
rate normalized by catalyst loading for carbides of W and Mo. TOF values are listed in 
Table 4.1 and were measured on the catalyst formulations used for IPA pressure and 
temperature variation experiments shown in Figures 4.1 and 4.2. TOF values with O2 
co-feed pressures in between 0 and 13 kPa are also plotted for β-Mo2C and W2C. TOF 
was normalized using Brønsted acid site density measured by extrapolation of in situ 
DTBP titration experiments. T = 415 K, ~0.1 gcat of oxide precursor, P = 114 kPa, PIPA 
= 0.54 or 1.1 kPa, PCH4 = 4 kPa (internal standard), balance He, total gas flow rate of 
1.83 cm3 s-1. 
 100 
Propylene rates were not entirely inhibited by DTBP co-feed; DTBP was 
able to irreversibly titrate 85 – 94% of the dehydration rates of O*-carbides, but 
DTBP could only titrate 40 – 50% of the dehydration rate of fresh carbides that had 
never been exposed to O2. This could be explained by the presence of acid sites 
that DTBP cannot chemically bind to, such as (i) Lewis acid sites, and/or (ii) sites 
that are sterically inaccessible to DTBP either due to the presence of catalyst pores 
on the order of 1-2 nm for β-Mo2C70 or due to closely localized acid sites (crystal 
edge sites). The propylene TOF was calculated by assuming that all sites are 
chemically identical Brønsted acid sites. The presence of Lewis acid sites or a non-
uniform distribution of sites would cause a distribution in TOF values that is not 
captured in this single-value TOF estimation technique and would also account for 
the un-titrated rate; we are unable to distinguish between the relative effects of 
possible Lewis acid sites or sterically inaccessible sites. However, the measured 
similarity in reaction order dependences, activation energies, and turnover 
frequencies across all catalyst samples implies the lack of a broad spectrum of 
active sites with varying reactivity. 
The post-reaction X-ray diffraction patterns of all catalysts tested for IPA 
dehydration in Figures 4.1, 4.2, and 4.3 are presented in Figure 4.4. Figure 4.4 
shows that the bulk structures of WC, W2C, and α-Mo2C were unaffected by O2 
co-feed at 415 K under reaction conditions. Transition metal carbide catalysts 
demonstrate Brønsted acidity due to surface oxidation, and the acid sites 
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generated are similar regardless of the extent of oxidation or bulk transition metal 
composition as evinced by similar kinetics and propylene TOF values. Surface 
oxidation increases surface acid site density, but bulk carbide crystal structure 
remains unchanged with O2-induced surface alterations. 
 
Figure 4.4. X-ray diffraction patterns of WC, W2C, and α-Mo2C catalysts after reaction 
with or without 13 kPa O2 co-feed. Peak indices were obtained from the JCPDS 
database for WC (JCPDS PDF # 01-089-2727), W2C (JCPDS PDF # 00-035-0776), 
and for α-Mo2C (JCPDS PDF # 03-065-0280).  
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The IPA dehydration kinetic parameters as reported in Table 1 are relatively 
independent of bulk carbidic crystal structure, implying that (i) the structure and 
composition of the bulk carbide minimally alter the acidic properties of the catalyst 
surface, and (ii) oxygen modification with O2 co-feed increased the number of 
acidic active sites without significantly altering the nature of the acid sites. XPS of 
carbide catalysts after 13 kPa of O2 co-feed for over 12 h showed no transition 
metal in the carbidic oxidation state (<10 atom% Mo3+) with the bulk of the surface 
atoms residing as oxides or suboxides (Mo5+ and Mo6+) as shown in Section B.5. 
This increase in surface oxidation with concurrent increase in acidic active site 
density as measured by in situ titrations suggests that the Brønsted acid sites on 
the carbide surfaces, both fresh and oxygen modified, are similar in nature to acid 
sites present on transition metal oxides. 
While both fresh and oxygen-modified MoCx and WCx catalyze IPA 
dehydration at nearly identical rates, it is worth noting the effects of different 
oxophilicities of the MoCx and WCx catalysts shown by the effects of O2 co-feed 
pressure in Figure 4.3. An increase from 0.3 kPa to 13.5 kPa O2 co-feed over β-
Mo2C did not affect the dehydration TOF (0.16 vs. 0.13 s-1), but the acid site density 
was nearly doubled as noted by the dehydration rate per Mo atom (45 vs. 84 mol 
s-1 molMo-1). Conversely, O2 co-feed of 0.4 kPa and 13 kPa over W2C induced 
nearly identical TOF values (0.3 vs. 0.31 s-1) as well as acid site densities (rates of 
241 vs. 241 mol s-1 molW-1). Dehydration rates over β-Mo2C increased gradually 
over the range of O2 co-feed pressures from 0 – 13 kPa with O2 pressures above 
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~10 kPa not affecting the dehydration rate. Conversely, O2 co-feed of 0.4 kPa over 
W2C induced a maximum dehydration rate, and higher O2 co-feed pressures 
caused no additional increase in the dehydration rates as noted in Figure 4.3 and 
in Section B.6. DeMaria et al.149 used a Knudsen cell in conjunction with mass 
spectroscopic methods to correlate partial pressures of vaporized metal oxides to 
enthalpies of metal-oxygen bond formation; the greater comparative oxophilicity of 
tungsten with respect to molybdenum is evident from the enthalpies of formation 
of Mo-O and W-O bonds (485 ± 63 and 644 ± 42 kJ mol-1, respectively). Oxygen 
co-feed over both MoCx and WCx catalysts generates Brønsted acid sites due to 
the oxophilicity of these formulations, and the acid sites generated on the catalyst 
surface saturate with increasing O2 pressure, but the greater oxophilicity of WCx in 
comparison to MoCx catalysts causes the maximum acid site density to saturate 
at lower O2 co-feed pressure. 
4.4 Conclusions 
Carbides of molybdenum and tungsten exhibit Brønsted acidity following 
carbide synthesis without exposure to O2 as evinced by irreversible DTBP titration. 
Dioxygen co-feed increases the rate of acidic dehydration of IPA to propylene at 
415 K by an order of magnitude over interstitial carbides of molybdenum and 
tungsten; O2-induced surface oxidation does not alter the bulk carbide structures 
as evidenced by the unchanged post-reaction X-ray diffraction patterns. The 
oxophilic characteristics of fresh and O2-modified (O*) carbides result in IPA 
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surface saturation with partial pressures as low as 0.044 kPa and in zero-order 
dehydration kinetics to propylene. Intrinsic activation energies of unimolecular 
dehydration over fresh and O*-modified carbides were similar (89 – 104 kJ mol-1) 
across carbide bulk structure, with or without O2 co-feed. Propylene TOF values 
for fresh and O*-carbides, normalized by the calculated Brønsted acid site density 
obtained from extrapolation of DTBP rates of titration, were similar within a factor 
of ~2 for both molybdenum and tungsten carbides. The oxophilicity of the transition 
metal carbide formulations results in the concurrent genesis of Brønsted acidity 
with catalyst surface oxidation without the alteration of bulk crystal structure.  
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CHAPTER 
FIVE 
5. ACIDIC PROPERTIES OF ACTIVATED MOLYBDENUM OXIDE 
CATALYSTS 
 
5.1 Introduction 
Acidic properties of reducible transition metal oxides and carbides have 
been investigated by Matsuda93,150–152 and others10,87,104,106,142,153–160. Matsuda 
and coworkers comprehensively investigated the effects of reductive pretreatment 
upon structural and acidic properties of MoOx catalysts by measuring specific 
surface area and using isopropanol (IPA) dehydration as a probe reaction; H2 
reduction pretreatment space velocity, H2 partial pressure, temperature, and final 
temperature holding time were all explored. MoOx specific surface area could be 
altered from <5 to over 250 m2 g-1 with increasing pretreatment time from 0 to 48 
h, space velocity from 100 to 1200 ml min-1 g-1, or by the inclusion 0.01 mol% noble 
metal (Pt, Pd, Rh, Ir, or Ru) during H2-reductive pretreatment. Inclusion of 0.3 – 
1.2 kPa H2O during reductive pretreatment concurrently inhibited catalytic surface 
area increase from ~100 down to ~10 m2 g-1 and increased average Mo oxidation 
state from +4 to +6 as measured by post-reduction O2 uptake experiments. 
Gervasini153, Kulkarni154, and Bond133 quantified acidic properties of solid 
oxide catalysts and Keggin polyoxometalates (POMs) by measuring kinetic partial 
pressure dependences, activation energies, and turnover frequencies of 
isopropanol (IPA) dehydration as a probe reaction. Bond and coworkers 133 
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measured activation energies of IPA dehydration over bulk and supported 
tungsten-based heteropolyacids (H3PW12O40-based). Kinetics were specified to be 
zero-order with respect to IPA pressure, and temperatures were varied from 328 – 
408 K. Varying activation treatment, support type, or use of a Cs-salt variant 
induced activation energies changes from 43 – 147 kJ mol-1. Wachs and 
coworkers154 reported IPA dehydration activation energies that varied from 46 to 
310 kJ mol-1 as a function of metal oxide. Iglesia and coworkers106,142 used 
chemically selective in situ 2,6-di-tert-butylpyridine titrations to demonstrate the 
presence of Brønsted acid sites on supported WOx catalysts that were active for 
both isomerization and dehydration. Reactant partial pressure dependence, 
activation energy, and turnover frequencies calculated from chemically selective 
in situ titration experiments of IPA dehydration as a probe reaction for acid 
catalyzed chemistries provide grounds for acid site comparison via kinetic 
measurements. 
In this work, we use IPA dehydration kinetics as a probe reaction on 
activated MoO3 catalysts to investigate the effects of pretreatment upon the 
number and nature of acid sites on transition metal oxides. Catalysts exhibited 
zero-order kinetics with respect to IPA pressure at IPA pressures as low as 44 Pa, 
indicative of a catalyst surface saturated with oxygenate. Intrinsic activation 
energies and dehydration turnover frequencies (TOF) were calculated using acid 
site densities measured via in situ 2,6-di-tert-butylpyridine titrations. Dehydration 
rates per gram of MoO3 precursor exhibited a local maximum as a function of 
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activation temperature under 12 h of flowing H2. Kinetic parameters, including IPA 
pressure dependence was nearly zero-order under all conditions, and all 
calculated activation energy values were within 19 kJ mol-1 as a function of 
activation protocol. Active sites were predominantly Brønsted acidic in nature as 
evinced by chemically selective in situ DTBP titrations. Turnover frequencies, 
normalized by DTBP uptake site density estimates, varied within an order of 
magnitude as a function of H2 pretreatment protocols, demonstrating a moderate 
variation in site identity with variation in pretreatment temperature under flowing 
H2. 
5.2 Experimental 
5.2.1 Catalyst activation 
All catalysts were prepared in a quartz tubular reactor (I.D. 10 mm). Catalyst 
precursors were heated in either a three-zone or a one-zone split tube furnace 
(Applied Test Systems) under gas flows including H2 (Matheson, 99.999%), or He 
(Minneapolis Oxygen, 99.997%). MoO3 catalysts were pretreated (activated) under 
1.67 cm3 s-1 H2 or O2 flow for 12 h at temperatures ranging from 573 – 873 K. 
Catalyst loading was approximately 0.1 g of MoO3 precursor for each experiment. 
After activation pretreatment, gas phase flow was changed to an equal volumetric 
flow rate of He, and the system was cooled to reaction temperature (typically 415 
K) under He flow. 
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5.2.2 Reaction and titration methods 
Reactions were carried out in a reaction apparatus described previously 70. 
Briefly, reactants were fed to stainless steel reactor lines via either an M6 Valco 
syringe-free liquid handling pump or a KD Scientific syringe pump (KDS120). 
Reactant lines were heated by resistive heating tape to prevent condensation. 
Isopropanol (ACS 99.97%, IPA), argon (Matheson, 99.999%), and helium were 
used as received. Products and reactants at the reactor effluent were quantified 
using a flame ionization detector (FID) with an online gas chromatograph (Agilent 
7890 GC); gas-phase separation prior to the FID was accomplished with a J&W 
HP-1 dimethylpolysiloxane column (50.0 m length, 320 μm I.D., 0.52 μm film). 
Helium was used as the column carrier gas at a flow rate of 0.15 cm3 s−1. GC oven 
temperature profiles for reactor effluent separation typically began at 213 K for 3.5 
min and were ramped to 423 K at 0.42 K s−1.  
IPA partial pressure was varied from ~0.044 – 4.4 kPa by alteration of liquid 
flow rates. For temperature variation experiments, reactor temperature was 
measured at the moment of sample injection into the GC with reactor temperature 
measured by a thermocouple in a thermal well on the external surface of the quartz 
reactor. Temperatures were raised and lowered ~ 15 K from the standard reaction 
temperature of 415 K; repeats of rates at multiple temperatures were performed 
over the course of the experiment to ensure consistency and lack of catalyst history 
effects.  
 109 
Titration experiments were performed with liquid mixtures of IPA and 2,6-
di-tert-butylpyridine (DTBP). After catalyst synthesis, IPA was introduced and 
steady state propylene production rates were obtained before kinetic 
experimentation (typically ~1 h of stabilization time). IPA partial pressure variation 
experiments were performed first, followed by temperature variation experiments. 
Propylene rates were stabilized once more upon return to 415 K after temperature 
variation experiments. The flow of reactants was then switched from pure IPA flow 
to the IPA/DTBP mixture at an identical volumetric flow rate. DTBP mole fraction 
in the IPA/DTBP mixture was typically ~3×10−4. The propylene formation rate was 
monitored using online gas chromatography and was linearly extrapolated to zero 
during titration to estimate the total DTBP uptake as a measure of acid site density. 
5.3 Results and Discussion 
 Figure 5.1 shows the effects of IPA pressure variation on acid-catalyzed 
IPA dehydration to form propylene for MoO3 samples activated under 1.67 cm3 s-
1 flowing H2 at atmospheric pressure for 12 h at temperatures varying from 573 to 
873 K. Catalysts initially underwent activation-dependent induction periods that 
lasted ~2 h before rates were stabilized. Dehydration rates typically varied <10% 
over the course of a 5 – 10 h experiment to measure IPA pressure dependence, 
activation energy, and TOF. Propylene formation rates over all activated oxides 
exhibit nearly zero-order dependence upon IPA pressure over two orders of 
magnitude (~0.05 – 5 kPa) as shown in Figure 5.1. Oxides activated at 
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temperatures of 723 K or higher began to show inhibitive effects of increased IPA 
pressure often exhibited by acid catalysts due to dimer formation as shown by 
Bhan and coworkers129,130 when studying alcohol dehydration over alumina 
catalysts; the inhibitive effect of alcohol pressure observed over MoOx species in 
this work is less significant than that observed over Lewis acidic alumina materials 
as evinced by the minimally negative dependence upon IPA pressure (r = kPIPAa, 
-0.23 < a < 0.07).  
The observed zero-order dependence is indicative of an IPA-saturated 
catalyst surface even at low reactant partial pressures. Propylene was the primary 
 
Figure 5.1. IPA pressure dependence of propylene formation rate for MoO3 catalysts 
pretreated under H2 or O2 flow at the indicated temperature for 12 h. T = 415 K, P = 
114 kPa, PCH4 = 4 kPa (internal standard), PIPA indicated on plot, balance He or Ar. 
Total gas flow rate of 1.83 cm3 s-1. Approximately 0.1 g of MoO3 precursor was loaded 
for each test.  
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product formed. Acetone was formed in small quantities (<5% carbon selectivity); 
di-isopropylether (DIPE) was formed with typically <10% carbon selectivity. DIPE 
formation rates showed a positive order dependence upon IPA pressure. DIPE 
formation rates were not used for characterization and quantification of catalyst 
changes in this study due to the nonzero IPA pressure dependence and the low 
product formation rates.  
A local dehydration rate maximum as a function of activation temperature 
was observed from activation under H2 flow at 673 K as is shown in Figure 5.1. 
Activation under pure O2 flow at atmospheric pressure resulted in the lowest 
observed dehydration rate per gram of catalyst. Matsuda and coworkers have 
reported acidic properties of H2-reduced Mo-oxides92,152, showing an increase in 
IPA dehydration rates over H2-reduced MoO3 from ~0 to 1000 μmol s-1 molMo-1 at 
ambient pressure and 398 K by varying activation protocols including H2 
pretreatment temperature, space velocity, and final temperature holding time. 
Matsuda and coworkers showed that H2-activation treatments altered catalyst 
surface area of the partially reduced Mo-oxides from ~5 – 250 m2 g-1. Areal 
dehydration rates were concurrently altered, implying variation in both the nature 
of the catalyst surface and the catalytically active site based on reductive 
pretreatment protocols. Matsuda observed a maximum in dehydration areal rates 
with a 12 h H2 pretreatment at 723 K; these results fall in line with the effects upon 
rates observed in this work.  
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Effects of temperature on the dehydration rates of activated oxide samples 
are shown in Figure 5.2. Temperature dependences of IPA dehydration reactions 
were measured under the regime of zero-order IPA dependence; intrinsic 
activation energies were extracted from the slopes of the Arrhenius plots in Figure 
5.2. Dehydration rates were affected similarly by temperature variations 
independent of activation protocol as is shown by the similar slopes of all rate 
curves in Figure 5.2. Propylene rates increased by over an order of magnitude as 
a function of activation protocol, but the kinetics, as quantified by the zero-order 
 
Figure 5.2. Temperature dependence of propylene formation rate for MoO3 catalysts 
pretreated under H2 or O2 flow at the indicated temperature for 12 h. P = 114 kPa, PCH4 
= 4 kPa (internal standard), PIPA = 0.54 or 1.1 kPa, balance He or Ar. Total gas flow 
rate of 1.83 cm3 s-1. Approximately 0.1 g of MoO3 precursor was loaded for each test.  
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IPA dependence and the intrinsic dehydration activation energy, remained 
invariant. The kinetic parameters extracted from Figures 5.1 and 5.2 are tabulated 
in Table 5.1.  
Activation energies calculated from Figure 5.2 are within a span of 19 kJ 
mol-1 over all pretreatment conditions, implying a similar nature to the acid sites on 
H2-reduced oxides independent of activation protocol. The zero-order kinetics and 
activation energies reported in this work are also similar to those reported by 
Kulkarni154 and Gervasini153 for IPA dehydration over bulk MoO3 (100 and 96 kJ 
mol-1) and bulk WO3 (121 and 105 kJ mol-1), respectively.  
The intrinsic dehydration activity of each acid site was probed via in situ 
titration experiments. Propylene turnover frequencies (TOF), normalized by the 
acid site density calculated from the extrapolated time to complete titration based 
Table 5.1. Kinetic parameters of IPA dehydration over H2- or O2-pretreated MoO3. 
Tabulated numbers were obtained from data plotted in Figures 5.1 and 5.2. 
 
Pretreatmenta 
(T / K) 
Eab 
(kJ mol-1) 
α  
(r = kPIPAα) 
TOF  
(propylene s-1  
DTBP site-1) 
773 (O2 flow) 110 ± 5 -0.01 0.01 
573 115 ± 6 0.04 0.01 
623 97 ± 3 0.07 0.06 
673 97 ± 5 0.07 0.96 
723 106 ± 5 -0.18 0.31 
773 116 ± 9 -0.16 0.14 
873 114 ± 6 -0.23 0.10 
 
aPretreatment at T under H2 flow (unless specified) at 1.67 cm3 s-1 for 12 h 
bError values represent 95% confidence intervals of regression analysis 
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off of DTBP co-feed titration experiments, are plotted in Figure 5.3 and also 
tabulated in Table 5.1. A representative titration experiment is shown in Figure 5.4. 
 
Propylene rates were not entirely suppressed by DTBP co-feed; DTBP was 
able to irreversibly titrate 50 – 95% of the dehydration rates over activated MoO3. 
The residual un-titrated rate could be explained either by (i) the presence of acid 
sites that DTBP cannot chemically bind to, such as Lewis acid sites, and/or (ii) 
sites that are sterically inaccessible to DTBP either due to small catalyst pores or 
due to closely localized acid sites (crystal edge sites). In order to calculate a TOF, 
we are forced to assume that all sites are chemically identical; this would restrict 
 
Figure 5.3. Propylene turnover frequency (TOF) as a function of MoO3 pretreatment 
temperature (flowing H2 for 12 h). TOF values are listed in Table 5.1 and were 
measured on the catalyst formulations used for IPA pressure and temperature variation 
experiments shown in Figures 1 and 2. TOF was normalized using Brønsted acid site 
density measured by extrapolation of in situ DTBP titration experiments. T = 415 K, 
~0.1 gcat of oxide precursor, P = 114 kPa, PIPA = 0.54 or 1.1 kPa, PCH4 = 4 kPa (internal 
standard), balance He, total gas flow rate of 1.83 cm3 s-1. 
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explanation of the variation in TOF values to sterically inaccessible sites if this 
assumption were completely accurate. In reality, the presence of Lewis acid sites 
or a non-uniform distribution of sites would cause a distribution in TOF values that 
is not captured in this single-value TOF estimation technique; we are unable to 
distinguish between the relative effects of these two factors.  
Propylene TOF values for all activated MoO3 samples in this work varied by 
~2 orders of magnitude. The lowest calculated dehydration TOF values due to H2 
at 573 K or O2 activation at 773 K are lower bounds due to the rapid titration 
timescale resulting in a two-point extrapolation to calculate a site density; the acid 
site density could easily have been over-estimated, resulting in an underestimated 
TOF value. 
 
Figure 5.4. Propylene synthesis rate as a function of time after introduction of the DTBP 
titrant. T = 415 K, ~ 0.03 gcat of MoO3 precursor, P = 114 kPa, PIPA = 0.54 kPa, PCH4 = 
4 kPa (internal standard), balance He, total gas flow rate of 1.83 cm3 s-1. Titrant flow is 
an equivalent volumetric flow of IPA/DTBP with < 1x10-3 DTBP mole fraction. The 
diagonal dashed line shows the linear extrapolation used to calculate propylene 
turnover frequency (TOF). 
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Gervasinsi and coworkers153 and Kulkarni and coworkers154 both measured 
the acidic properties of a variety of metal oxides by measuring the kinetics of IPA 
dehydration as a probe reaction. Kulkarni noted activation energies ranging from 
46 to 310 kJ mol-1 for 14 different metal oxides with SiO2 and SnO2 accounting for 
the lowest and highest activation energies, respectively154. Activation energies for 
MoO3 and WO3 were 100 and 121 kJ mol-1, respectively, over temperature ranges 
of 408 – 483 K. Gervasini reported similar activation energies of 96 ± 12 kJ mol-1 
for MoO3 and 105 ± 8 kJ mol-1 for WO3153. Bond and coworkers 133 measured 
activation energies of IPA dehydration over bulk and supported tungsten-based 
heteropolyacids (H3PW12O40-based). Kinetics were specified to be zero-order with 
respect to IPA pressure, and temperatures were varied from 328 – 408 K. By 
varying activation treatment, support type, or use of a Cs-salt variant, reported 
activation energies varied from 43 – 147 kJ mol-1. Wachs and coworkers154 
reported turnover frequencies for IPA dehydration at 473 K, normalized by an IPA 
chemisorption site count measured using mass increase during IPA uptake at 383 
K, to be 3.6 s-1 for MoO3 and 0.21 s-1 for WO3. Dehydration TOF values varied over 
seven orders of magnitude between 101 – to 10-7 with V2O5 (18 s-1) and Ga2O3 
(0.031 s-1) being the two closest numerical TOF values to those of MoO3 and WO3. 
These results imply that the nature of the acidic active sites on metal oxide 
catalysts can be probed by IPA dehydration activation energy, kinetic partial 
pressure dependence, and turnover frequency, and the nature of the acidic active 
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site can vary as functions of catalyst support, nature of the metal oxide, and 
activation pretreatment.  
The observed TOF local maximum as a function of H2 reduction 
temperature is similar to the local maximum in areal IPA dehydration rates 
observed by Matsuda and coworkers with an H2 activation pretreatment at 723 K92, 
implicating the possibility of site identity modification by reductive pretreatment. 
The calculation of an intrinsic TOF value will be highly sensitive to the reaction 
activation energy due to the exponential dependence upon the activation energy 
included in the rate constant.  
TOF values for most samples shown in Figure 5.3 and reported in Table 5.1 
are on the order of IPA dehydration TOF values previously reported over O*-
modified MoCx and WCx catalysts;70,160 this TOF is shown for comparison in Figure 
5.3. Ribeiro et al.10 observed acidic-metallic bifunctional alkane isomerization of 
hexanes and heptanes over oxygen-modified tungsten carbides, and they 
compared the observed Brønsted acidity to that reported over WOx/Al2O3 
catalysts158. The authors suggest that isolated surface WOx species present on the 
carbide surface could be similar in nature to those reported on WOx-derived 
Brønsted acidic species on Al2O3 supports10,161. Our previously reported IPA 
dehydration kinetics over O*-Mo2C are characterized by zero-order dependence 
on IPA pressure from 0.05 – 5 kPa IPA, activation energy of 93 kJ mol-1, and a 
DTBP-normalized TOF of 0.1 propylene s-1 (DTBP site)-1;70 these kinetic 
parameters are all very similar to those observed over the H2 reduced MoO3 
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catalysts used in this study, implying possible similarities between the nature of 
Brønsted acid sites on both catalytic formulations. 
This work has investigated the effects of reductive pretreatments upon the 
acidic properties of MoO3 catalysts, demonstrating that (i) H+ sites exist on MoOx 
catalysts, (ii) reductive pretreatment alters the number of H+ sites present on MoOx 
catalysts, and (iii) the electronic and structural changes induced by varied H2 
reductive pretreatments result in changes the nature of acidic active sites as is 
evinced by an order of magnitude variation in DTBP-normalized TOF. This work 
stresses the importance of investigating the nature of the catalytically active site 
present under reaction conditions.  
5.4 Conclusions 
H2-reduced MoO3 catalysts exhibit Brønsted acidity as probed via IPA 
dehydration kinetic measurements. Variations in reduction pretreatment 
temperature minimally affected dehydration kinetics as quantified by a zero-order 
dependence upon IPA pressure and activation energy (97 – 116 kJ mol-1). MoOx 
catalysts exhibit IPA surface saturation with partial pressures as low as 0.044 kPa 
in conjunction with zero-order dehydration kinetics to propylene. Propylene TOF 
values, normalized by site densities estimated by in situ DTBP chemical titrations, 
varied over an order of magnitude as a function of pretreatment temperature and 
exhibited a maximum when reduced at 673 K. Sites were assumed to be uniform 
in nature in order to calculate TOF values, but a distribution of active sites could 
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account for activation energy and TOF variations. Similarities between IPA 
dehydration kinetics over O*-MoCx catalysts and H2-reduced MoOx catalysts 
implicate possible similarities in the nature of active sites over both classes of 
catalysts. 
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CHAPTER 
SIX 
6. ACETONE HYDRODEOXYGENATION OVER BIFUNCTIONAL 
METALLIC-ACIDIC MOLYBDENUM CARBIDE CATALYSTS 
 
*Reprinted with permission from ACS Catalysis, Vol 6, Mark M. Sullivan and Aditya Bhan, 
“Acetone hydrodeoxygenation over bifunctional metallic-acidic molybdenum carbide 
catalysts,” Pages 1145 – 1152, © 2016 American Chemical Society. 
 
6.1 Introduction 
Sustainable production of chemicals and fuels via the hydrodeoxygenation 
(HDO) of biomass-derived chemicals has become a prominent research topic; the 
diversity of compounds and oxygen-containing functionalities produced from 
biomass-derived precursors necessitate robust and multifunctional catalysis for 
successful upgrading via HDO38,71,72,162. Transition metal carbides have been 
shown to catalyze metallic, acidic, and bifunctional reactions including 
hydrogenolysis2,49, hydrogenation2,36,64, dehydration131, and isomerization47,56,69; 
the prevalent catalytic chemistries are a function of the active surface state as 
affected by catalyst synthesis, reaction conditions, and sample provenance. 
Ribeiro10, Iglesia11, and Maire103,107,108 report the development of acidic character 
as evinced by bifunctional alkane isomerization over oxygen-modified WCx 
catalysts via oxygen introduction at 623 K. Ribeiro et al.10 observed a larger than 
fourfold increase in areal isomerization rates and a concurrent fourfold decrease 
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in hydrogenolysis rates for n-hexane reactions at 630 K under 95 kPa H2 as a 
function of increasing temperature of pre-reaction oxygen exposure from ambient 
temperature up to 700 K. n-Hexane hydrogenolysis turnover frequencies 
normalized by post-reaction chemisorption of oxygen-modified WCx catalysts (O*-
WCx) remained invariant with oxygen treatment, implying that oxygen modification 
decreased the number of metallic hydrogenolysis sites while increasing WOx acidic 
site densities that were necessary for bifunctional isomerization reactions. The 
development of acidic functionality of transition metal carbides with oxygen 
treatment mimics that of Re/Rh catalytic formulations observed by Chia et al.113 
due to the common oxophilicity of these catalysts. 
Djéga-Mariadassou and coworkers69,104 demonstrated the metal-acid 
bifunctional characteristics of both WCx and MoCx via n-heptane isomerization that 
proceeds through sequential alkane dehydrogenation, acidic methyl shifts, and 
alkane hydrogenation to produce an isomerized alkane. Thompson and 
coworkers16,131 reported the acidic and basic characteristics of molybdenum 
carbide formulations via in situ reversible poisoning of propylene production with 
NH3 co-feed and acetone production with CO2 co-feed, respectively.  
These oxophilic catalytic formulations necessitate passivation preceding 
exposure to ambient, oxygen-rich conditions in order to preemptively quench 
pyrophoric surface oxidation, and passivated carbides are typically “activated” via 
reductive pretreatment under H2 atmosphere at high temperatures. Activation 
pretreatment conditions were noted by Leary et al.37 to affect Mo2C catalytic 
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activity; ethylene hydrogenation initial rates increased from negligible values under 
He flow at 773 K for 10 min or under H2 flow at 443 K for 5 min up to 97% ethylene 
hydrogenation conversion with activation treatments of 10 min under He flow at 
1173 K or 5 min under H2 flow at 673 K. Rates of deactivation of ethylene 
hydrogenation also increased with activation temperature and time. Higher 
activation temperatures under both He and H2 resulted in more removal of carbon 
as CO or CO2 under He atmosphere or as CH4 under H2 atmosphere as monitored 
using an online mass spectrometer; this loss of bulk carbon was hypothesized to 
reduce the catalyst surface to a more metallic state as opposed to a carbidic state, 
eliminating the carbidic hydrogenation active sites. Djéga-Mariadassou and 
coworkers7 reported that an increasing final temperature of synthesis under 
H2/CH4 flow resulted in both (i) increased metallic site density as measured by CO 
chemisorption and (ii) an increase in the quality of the metallic sites as calculated 
by CO chemisorption-normalized benzene hydrogenation turnover frequencies 
(TOFs). 
Matsuda and coworkers92,93 reported that the surface area of H2-reduced 
MoO3 and Pt/MoO3 catalysts increased greatly from an oxidic precursor with a 
surface area of ~5 m2 g-1 up to catalysts of ~250 m2 g-1 at an optimal reduction 
temperature of 673 K. These reduced MoO3 catalysts were also active for IPA 
dehydration to form propylene and diisopropyl ether (DIPE), demonstrating both 
the effects of reduction on the surface area of the catalyst and the persistent 
presence of acidic moieties on H2-reduced molybdenum oxide catalysts.  
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In this work, we report the reaction pathways, kinetics, mechanisms, and 
site requirements of C=O hydrodeoxygenation (HDO) over activated Mo2C 
catalysts. We report that acetone, a representative feedstock for ketone-containing 
oxygenates derived from biomass, undergoes deoxygenation via a sequential 
bifunctional pathway. Contact time variation experiments demonstrate initial 
metallic C=O hydrogenation to equilibrium values followed by sequential 
dehydration and final alkene hydrogenation. Dehydration via β-hydrogen 
elimination was determined to be the rate-limiting step because of an observed 
kinetic isotope effect (KIE); this dehydration occurred over Brønsted acidic sites as 
evinced by irreversible 2,6-di-tert-butylpyridine (DTBP) titrations.  
In situ oxygen modification of activated Mo2C catalysts via O2 co-feed was 
shown to (i) decrease catalyst surface area as measured by post-reaction nitrogen 
physisorption measurements and to (ii) suppress acetone HDO reactivity by 
eliminating the preliminary metallic C=O hydrogenation step. Increasing reductive 
activation pretreatment time under H2 flow at 773 K was shown to decrease the 
HDO rate-determining dehydration rate by (i) decreasing acid site density as 
estimated via in situ DTBP titrations and (ii) decreasing the ability of the acid site 
to catalyze dehydration as evinced by both a decrease in the calculated DTBP-
normalized turnover frequency (TOF) and an increase in the activation energy for 
dehydration. We show that the rate-determining acidic dehydration for acetone 
HDO occurs over Brønsted acid sites on Mo2C formulations that are residual on 
the surface from either an oxidic precursor, passivation treatment, or generated in 
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situ from reactant oxygenates, and we demonstrate the ability to tune the 
bifunctional acidic/metallic balance via in situ oxidation or extended reductive 
pretreatments. 
6.2 Experimental 
6.2.1 Catalyst synthesis, passivation, and activation 
Mo2C catalysts were synthesized using a temperature-programmed reaction 
(TPR) method used previously28,70,119. Catalysts were prepared in a tubular quartz 
reactor of 1 cm internal diameter. Batches of catalyst were synthesized using 1.6 
g ammonium paramolybdate (sieved, 177–400 μm, (NH4)6Mo7O24·4H2O, Sigma, 
99.98%, trace metal basis). The paramolybdate precursor was heated in a one-
zone Applied Test Systems split tube furnace at 0.06 K s-1 to 623 K and held at 
623 K for 12 h under total flow of 3.0 cm3 s-1 of 15 vol% CH4 (Matheson, 99.97%) 
in H2 (Minneapolis Oxygen, 99.999%). Temperature was then ramped at 0.046 K 
s-1 from 623 K to 873 K and held at 873 K for 2 h. The sample was then cooled 
under the same gas flow to ambient temperature. Passivation was achieved by 
treating the product in flowing 1% O2/He (Matheson, Certified Standard Purity) at 
1.0 cm3 s-1 for 1 h in an effort to avoid violent bulk oxidation with atmospheric O2.  
Seven individually synthesized batches were mixed together and used for 
catalytic testing; synthesis conditions were carefully controlled, but small variations 
in the catalyst bulk or surface composition could be dependent on slight differences 
in carburization conditions7,43,51. These seven batches were synthesized and 
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mixed in order to have one uniform catalyst reservoir to be used for all catalytic 
tests to eliminate any differences between synthesized batches. Two individual 
samples were used from this batch to test for the effects of oxygen modification as 
described in Section 6.3.3. One “normal” sample (n-Mo2C) was treated with typical 
activation, reaction, and passivation conditions. One oxidized sample (O-Mo2C) 
was treated in the same fashion as n-Mo2C with an additional oxidation step via 
13.5 kPa O2 co-feed under reaction conditions. Before reaction, 0.1 – 1 g of 
passivated catalyst samples were activated by flowing 0.167 – 3.33 cm3 s-1 H2 and 
heating from ambient to 773 K at 0.066 K s-1 and holding at 773 K for 0 – 48 h. 
Samples were then cooled to reaction temperature under the same H2 flow. 
6.2.2 Catalyst characterization 
Passivated Mo2C catalysts synthesized using the procedure in Section 
6.2.1 were previously characterized by XRD, CO chemisorption, N2 physisorption, 
XPS, and TEM analysis70. Briefly, BET surface areas obtained from analysis of N2 
physisorption isotherms were typically on the order of 60 – 100 m2 g-1, and 
irreversible CO chemisorption uptakes were on the order of 150 – 250 μmol g-1. 
Additional nitrogen physisorption measurements for this work were performed after 
ambient temperature passivation as described in Section 6.2.1 either after 
synthesis or reaction. Physisorption measurements were performed with a 
Micromeritics ASAP 2020 analyzer to determine surface area. BET surface area 
measurements were performed at liquid nitrogen boiling temperature using N2 as 
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the adsorbate. Samples were degassed to <6 μm Hg and heated to 523 K at 0.17 
K s-1 and held for 2 – 4 h in order to remove surface contaminants before 
performing N2 physisorption measurements.  
6.2.3 Reaction and titration methods 
Reactions were carried out in a reaction apparatus described previously70. In 
brief, reactants were fed to stainless steel reactor lines via either an M6 Valco 
syringe-free liquid handling pump or a KD Scientific syringe pump (KDS120). 
Reactant lines were heated by resistive heating tape to prevent condensation. 
Isopropanol (ACS 99.97%, IPA), acetone (ACS, 99.97%), argon (Matheson, 
99.999%), and helium (99.999%) were used as received. Products and reactants 
at the reactor effluent were quantified using a flame ionization detector (FID) with 
an online gas chromatograph (Agilent 7890 GC); gas phase separation prior to the 
FID was accomplished with J&W HP-1 dimethylpolysiloxane column (50.0 m 
length, 320 μm ID, 0.52 μm film). Helium was used as the column carrier gas at a 
flow rate of 0.15 cm3 s-1. Typical GC oven temperature profiles for reactor effluent 
separation began at 213 K for 3.5 min and ramped to 423 K at 0.42 K s-1. 
Contact time variations were performed isobarically at ambient pressure with 
constant reactant partial pressures of 0.25 kPa pure acetone, 81 kPa H2, 4 kPa 
CH4 as an internal standard, and balance inert carrier gas (He or Ar) with total gas 
flows varying from 0.38 – 3.8 cm3 s-1. These variations were achieved by 
proportional alteration of all liquid and gas flows at constant catalyst loading as 
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well as in independent experiments with altered catalyst loading from 0.1 – 1.0 g. 
H2 pressure was varied from 10 – 82 kPa at constant contact time by altering the 
H2/inert (He or Ar) ratios. IPA/acetone pressure was varied from 0.045 – 4.5 kPa 
by alteration of liquid flow rates.  
Titration experiments were performed with liquid mixtures of IPA, acetone, and 
2,6-di-tert-butylpyridine (DTBP). After catalyst activation treatment, steady-state 
dehydration rates were achieved. The flow of reactants was then switched from 
IPA/acetone flow to an IPA/acetone/DTBP mixture at an identical volumetric flow 
rate. DTBP mole fractions in the IPA/acetone/DTBP mixtures were typically      
1x10-3 to 8x10-3. Propylene formation rate was monitored using online gas 
chromatography and was extrapolated to zero to estimate the total DTBP uptake 
as a measure of acid site density. 
6.3 Results and discussion 
6.3.1 Acetone HDO reaction pathway and H2 dependence 
Results from acetone contact time variation experiments are shown in 
Figures 6.1 and 6.2. Fig. 6.1 shows that short contact times of W/F0 ~ 2 gcat (gAcetone 
h-1)-1 yield nearly complete hydrogenation of acetone to form IPA. An approach to 
equilibrium for the hydrogenation of acetone was calculated as shown in Equation 
6.1: 
 𝜂 = 𝑃+,-𝑃-234563𝑃78 1𝐾79:  (Eq. 6.1) 
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where η is the calculated approach to equilibrium, PIPA, PAcetone, and PH2 are the 
reactor effluent partial pressures of IPA, acetone, and H2 in atm, respectively, and 
KHyd is the thermodynamic equilibrium constant of the hydrogenation of acetone 
as shown in Scheme 6.1.  
The hydrogenation of acetone to IPA over the activated Mo2C is rapidly 
equilibrated as evinced by η values of ~1 with <5% of acetone deoxygenated to 
form propylene and propane as shown in Fig. 6.1. Acetone hydrogenation reaches 
equilibrium composition (~97% IPA and ~3% acetone) at early contact times and 
remains equilibrated under all contact times studied here (1.29 – 126 gcat (gAcetone 
h-1)-1). The activated Mo2C catalyst thus catalyzes nearly 97% conversion with 
respect to acetone hydrogenation before deoxygenation, demonstrating a 
sequential hydrogenation-deoxygenation pathway. The near-zero initial slope of 
propane partial pressure with respect to contact time in Fig. 6.1 implicates that 
propane is a tertiary product formed only from the hydrogenation of propylene. 
Acetone HDO activity showed minimal deactivation; over the course of a 19 h 
experiment that included variation of contact times and H2 partial pressures, 
 
Scheme 6.1. Proposed acetone HDO reaction pathway. Rapid carbonyl hydrogenation 
equilibrium occurs over metallic sites, sequential alcohol dehydration occurs over 
Brønsted acid sites to form an alkene, and sequential alkene hydrogenation occurs 
over metallic sites to an alkane. 
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acetone hydrogenation remained equilibrated and deoxygenation rates to form 
propylene and propane decreased by ~10%.  
At contact times above 120 gcat (gAcetone h-1)-1, propane is observed as the 
final stable product (Fig. 6.2). The rapid hydrogenation of acetone to equilibrium 
values followed by sequential acid-catalyzed IPA dehydration to form propylene 
and further propylene hydrogenation to form propane is represented in the 
proposed acetone HDO reaction pathway shown in Scheme 6.1. In this proposed 
 
Figure 6.1. Normalized effluent partial pressures, Px/P0, and acetone hydrogenation 
approach to equilibrium (η) as a function of contact time. Contact time variations were 
performed isobarically at ambient pressure with constant reactant partial pressures of 
P0 =  0.26 kPa pure acetone, 81 kPa H2, 4 kPa CH4 as an internal standard, balance 
inert carrier gas, T = 369 K, 0.102 gcat. Total gas flow rates were varied from 0.38 – 3.8 
cm3 s-1. Dashed lines are included as a guide to the eye. 
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scheme, the rate-determining step of acetone HDO is the dehydration of IPA to 
form propylene, and the lack of a direct propane formation pathway as evinced by 
the zero slope of propane formation with respect to contact time denotes that the 
rate of acetone HDO can be calculated as the sum of the rates of formation of 
propylene and propane. While the proposed reaction pathway is for the 
representative ketone-containing molecule used in this research, acetone, a 
similar hydrogenation-dehydration-hydrogenation sequential pathway was 
observed for the aldehyde group of propanal (Section C.1) implying that this 
pathway is typical for atmospheric pressure vapor-phase carbonyl HDO over Mo2C 
catalysts.  
 
 
Figure 6.2. Effluent partial pressures as a function of contact time. Contact time 
variations were performed isobarically at ambient pressure with constant reactant 
partial pressures of P0 = 0.26 kPa pure acetone, 81 kPa H2, 4 kPa CH4 as an internal 
standard, balance inert carrier gas, T = 369 K, 1.00 gcat. Total gas flow rates were varied 
from 0.38 – 3.8 cm3 s-1. Dashed lines are included as a guide to the eye. 
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Fig. 6.3 shows HDO rates in conjunction with acetone hydrogenation 
approach to equilibrium with constant acetone feed rates and variable H2 co-feed 
pressures. Fig 3. shows that (i) acetone hydrogenation reaches equilibrium as 
shown by η ~1 for H2 pressures ranging from 21 – 82 kPa, and (ii) HDO rates were 
independent of H2 co-feed pressure. This result implies that acetone HDO over 
activated molybdenum carbide catalysts proceeds through a preliminary 
hydrogenation equilibration followed by a rate-determining dehydration that is 
independent of H2.  
Thompson and coworkers16 hypothesized this sequential bifunctional HDO 
pathway of acetone HDO at 483 K under atmospheric hydrogen pressure over 
passivated and activated Mo2C catalysts in contrast to a direct hydrogenolysis 
C=O HDO pathway put forth by Chen and coworkers19,55 over activated Mo2C and 
WC catalysts. Chen and coworkers19 modeled propanal HDO over a clean Mo2C 
(0001) surface using density functional theory (DFT) and calculated activation 
barriers of 1.40 and 1.75 eV to sequentially add 2H* to propanal to form propanol; 
the direct C=O scission pathway to produce O* and an adsorbed CH3CH2CH 
species had a barrier of only 0.60 eV. Chen and coworkers also reported 
temperature-programmed desorption (TPD) of propanal on a clean Mo2C surface 
under ultra-high vacuum (UHV) conditions, demonstrating that (i) propylene was 
the primary product formed, (ii) no oxygen containing products (CO, CO2, H2O) 
were observed during TPD, (iii) Auger electron spectroscopy evinced surface 
oxidation after TPD, and (iv) no propylene was formed after surface oxidation. This 
 132 
provides strong evidence for direct C=O hydrogenolysis over a fresh Mo2C surface, 
but (i) strong O* binding energy to clean Mo2C surfaces of -5.4 to – 8.15 eV94 and 
(ii) the predicted unfavorability of carbonyl hydrogenation over a clean Mo2C 
surface implicate that reaction conditions at ambient pressure, above ambient 
temperature, and after O* exposure alter the Mo2C surface from a pure Mo2C 
surface that is studied in DFT modeling or UHV experimentation.  
Deoxygenation of aromatic oxygenates with oxygen functionalities distinct 
from carbonyls have been published in recent reports24,26,79,81,82,163,164. Boullosa-
Eiras et al.26 reported direct aromatic C-O scission of phenol over Mo2C catalysts 
at 623 – 673 K under 25 bar H2 pressure; 90% selectivity to benzene was achieved, 
and aromatic hydrogenation products such as cyclohexene and cyclohexane were 
observed with <10% carbon selectivity. The absence of preliminary aromatic 
hydrogenation activity eliminates the possibility of dehydration due to the lack of 
an available sp3 hybridized β-hydrogen, and this implicates that the aromatic C-O 
hydrogenolysis observed in the works of Boullosa-Eiras26 and others28,81,163 is 
mechanistically distinct from carbonyl hydrodeoxygenation via bifunctional 
hydrogenation/dehydration studied in this work. 
The sequential HDO pathway studied here demonstrates the necessary 
catalyst bifunctionality for acetone HDO with both required metallic hydrogenation 
and acidic dehydration functions. These results are consistent with the acid-metal 
bifunctional n-heptane isomerization observed over passivated and activated 
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MoWC0.5O0.6 and W2C catalysts observed by Lamic et al.69 and n-hexane 
isomerization over O*-WCx observed by Ribeiro et al.10. 
6.3.2 Differential HDO kinetics/mechanism 
Kinetic measurements were done in the absence of any heat or mass 
transfer limitations as shown by calculations in Section C.2. Figures 6.1, 6.2, and 
6.3 demonstrate acetone HDO over activated Mo2C under conditions with >90% 
acetone conversion to IPA; this extensive conversion creates an integral bed with 
 
 
Figure 6.3. Acetone HDO rate, defined as the combined rate of formation of (propylene 
+ propane) normalized by catalyst loading, and acetone hydrogenation approach to 
equilibrium (η) as a function of H2 pressure with 0.26 kPa acetone, 4 kPa CH4 as an 
internal standard, balance inert carrier gas, ambient pressure, T = 369 K, 0.102 gcat 
loading, and ~1.83 cm3 s-1 total flow. Conversion of acetone to (propylene + propane) 
is ~5%. 
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acetone/IPA gradients. For a single reaction temperature of 369 K and a pre-
determined H2 co-feed partial pressure, the equilibrium ratio of acetone to IPA can 
be calculated and fed as the reactant (Section C.3), and this equilibrium mixture 
can be converted to propylene and propane under differential conditions. Figures 
 
 
Figure 6.4. Acetone HDO rate, defined as the combined rate of formation of (propylene 
+ propane), normalized by catalyst loading. T = 369 K, 0.100 gcat loading, total flow 
~1.83 cm3 s-1. Oxygenate conversion varies from 0.3 – 19.6%. Equilibrium oxygenate 
mixtures were calculated and mixed using an approach to equilibrium (η = 1) for T = 
369 K and H2 = 82 or 21 kPa. Total flow comprised 4 kPa CH4 as an internal standard, 
81 or 21 kPa H2, and balance inert carrier gas and oxygenate pressure at ambient 
pressure. 
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6.4 and 6.5 show differential kinetic measurements of the HDO of reactant 
oxygenate mixtures comprising equilibrium quantities of acetone/IPA. 
 
 
Figure 6.5. Acetone HDO rate, defined as the combined rate of formation of (propylene 
+ propane), normalized by catalyst loading. Reactant mixture (IPA+acetone) fed at 0.26 
kPa, 0.100 gcat loading, total flow ~1.83 cm3 s-1. Oxygenate conversion varies from 0.8 
– 23.6%. Equilibrium oxygenate mixtures were calculated and mixed using an 
approach to equilibrium (η = 1) for T = 369 K and H2 = 82 or 21 kPa. Total flow 
comprised 4 kPa CH4 as an internal standard, 81 or 21 kPa H2, and balance inert carrier 
gas and oxygenate pressure; reactions were performed at ambient pressure. 
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Two equilibrium liquid mixtures, representing the extremes of H2 pressures 
(82 and 21 kPa), were independently mixed and fed over a bed of activated Mo2C. 
This pre-equilibration ensured that there were no acetone/IPA gradients down the 
length of the bed. HDO rates were invariant for acetone/IPA pressures ranging two 
orders of magnitude from 0.045 to 4.5 kPa as shown in Fig. 6.4, indicating an 
oxygenate-saturated surface similar to reports we have published previously over 
oxygen-modified carbides28,70. The zero-order oxygenate dependence and the 
HDO rate per gram of catalyst were kinetically independent of H2 pressure. The 
measured HDO activation energy is regarded as the intrinsic activation energy and 
is related to the nature of the active site due to the measured zero-order 
dehydration kinetics. Similar to the oxygenate dependence, HDO rates with 
equilibrated acetone/IPA mixtures at differing H2 pressures scaled almost 
identically as a function of temperature as shown in Fig. 6.5, yielding equivalent 
activation energies of 103 ± 1 kJ mol-1. Propanal HDO to form propylene was also 
characterized by a zero-order oxygenate dependency of the reaction rate and a 
similar activation energy of 113 kJ mol-1 (Section C.1), again implying a consistent 
HDO pathway for both ketones and aldehydes with sp3 β-hydrogen atoms 
available for dehydration. 
HDO of equilibrated, deuterated mixtures was also performed over 
activated Mo2C catalysts. A KIE of 1.85 was observed using fully deuterated 
C3D6O and C3D7OD, whereas a KIE of 1.01 was observed when using an 
equilibrated mixture of C3H6O and C3H7OD, implying that the rate-determining step 
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(RDS) of acetone HDO is the scission of a C-H bond, not an O-H bond (Section 
C.4). The scission of an IPA β-hydrogen bond is postulated to be the rate-
determining step because of the unlikeliness of the scission of the IPA α-hydrogen 
bond during the RDS and subsequent hydrogen transfer to replenish the α-H that 
is present in the product propylene.  
The rate-determining step of acetone HDO over activated Mo2C catalysts 
likely occurs over active sites similar to those present on oxygen-modified Mo2C 
as evinced by similar zero-order kinetics, activation energies, and observed 
KIEs70. These results implicate that acetone HDO over Mo2C necessitates 
bifunctional metal-acid catalysis, and the rate-determining dehydration occurs over 
oxidic Brønsted acid sites that coexist on the surface of H2-activated catalysts 
under reaction conditions with metallic functionality capable of hydrogenating the 
acetone C=O bond to equilibrium.   
6.3.3 Effects of in situ Mo2C oxidation on acetone HDO 
6.3.3.1 Oxidation-induced C=O hydrogenation suppression 
The effects of in situ surface modification via oxidation upon the acetone 
HDO reaction pathway were probed by introducing a 13.5 kPa O2 co-feed during 
IPA dehydration over an activated Mo2C catalyst. The catalyst was treated with O2 
co-feed for ~2 h with concurrent IPA and Ar flow. The O2 introduction caused an 
exotherm and IPA dehydration rates to form propylene increased; isothermal IPA 
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dehydration conditions were eventually reached after ~2 h of O2 flow. After this 
oxidation treatment, H2 co-feed IPA HDO was tested over the oxidized catalyst by 
flowing IPA and 54 kPa H2. Stable dehydration of IPA to form propylene was 
achieved in presence of H2 as shown in Fig. 6.6.  
Propylene production rates decreased to negligible values when IPA/H2 
flow was switched to acetone/H2 flow; acetone was not converted to either IPA or 
propylene, showing that the oxidized catalyst was active for IPA dehydration but 
inactive for acetone HDO under conditions that an activated carbide can catalyze 
acetone hydrogenation to equilibrium values. Previous work has shown that Mo2C 
 
Figure 6.6. Acetone HDO rate, defined as combined rate of formation of (propylene + 
propane), normalized by catalyst loading. T = 369 K, 0.53 kPa IPA or acetone fed, 54 
kPa H2, 4 kPa CH4 as an internal standard, 0.29 gcat loading, ~1.83 cm3 s-1 total flow. 
Activated catalyst was treated with 13 kPa O2 co-feed with no H2 co-feed at T = 369 K 
for ~4 h preceding t = 0 shown above; total pressure = 1 atmosphere. 
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oxidized via O2 co-feed under more oxidative conditions than those used in this 
work (13.5 kPa co-feed at 415 K) retained a bulk orthorhombic β-Mo2C structure.70 
While surface oxidation increases acidic dehydration rates by increasing the 
Brønsted acid site density as reported previously70, harsh oxidation eliminates 
metallic C=O hydrogenation function, arresting the first step of the bifunctional 
carbonyl HDO pathway presented in Scheme 6.1, resulting in no acetone HDO 
conversion.  
6.3.3.2 Oxidation-induced decrease in surface area 
Two independent experiments were performed under similar conditions; 
catalyst loadings of 0.29 g (O-Mo2C) and 0.5 g (n-Mo2C) of passivated Mo2C from 
the same batch of catalyst used for all experiments in this study were loaded into 
a reactor and activated using the same protocol (1.83 cm3 s-1 H2 flow for 1 h at 773 
K followed by cooling to reaction temperature at 369 K). Both catalysts were used 
for typical steady-state acetone and IPA HDO experiments including varying 
contact times and reactant partial pressures.  
After initial HDO experiments, n-Mo2C was cooled to ambient temperature 
under He flow and passivated under 1.0 cm3 s-1 1% O2/He for 1 h. Conversely, O-
Mo2C was treated with 13.5 kPa O2 co-feed under reaction conditions for ~4 h and 
was subsequently used to catalyze H2/acetone/IPA HDO. After O2 treatment and 
acetone/IPA HDO reactions, O-Mo2C was cooled to ambient temperature under Ar 
flow and passivated in the same manner as n-Mo2C. After passivation, O-Mo2C 
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and n-Mo2C were both analyzed via nitrogen physisorption and their calculated 
BET surface areas are shown in Table 6.1.  
n-Mo2C, representative of most acetone HDO experiments performed in this 
work, had a surface area of 68 m2 g-1, typical of TPR-synthesized carbides51,119. 
O-Mo2C, which underwent harsh oxidation under 13.5 kPa O2 at 369 K, had a 
surface area of 9 m2 g-1. Lee et al.79 observed the gradual loss of surface area of 
passivated Mo2C under ambient, atmospheric conditions, postulated to be the 
effect of gradual surface oxidation; Garin et al.108 and Stellwagen et al.87 also 
observed decreases in alkane hydrogenolysis rates over WCx and stearic acid 
deoxygenation rates over carbon-nanofiber-supported Mo2C and W2C, 
respectively, both attributing the decreased rates to catalyst oxidation. Here, we 
demonstrate the detrimental effects of harsh oxidation upon the surface area of 
molybdenum carbidic catalytic formulations. 
Table 6.1. BET surface area of post-reaction catalysts. n-Mo2C and O-Mo2C were both 
taken from the same batch of passivated catalyst, activated under 1.83 cm3 s-1 H2 flow 
for 1 h, cooled to T = 369 K, and underwent typical IPA and acetone HDO reactions. 
O-Mo2C was subsequently subjected to ~4 h of 13.5 kPa O2 co-feed at reaction 
temperature and then underwent further IPA and acetone HDO reactions. Both 
catalysts were cooled to ambient temperature after reactions and passivated under 
~1.0 cm3 s-1 1%O2/He flow.  
 
 369 K O2 
treatment 
Post-reaction Sg 
(m2 g-1) 
n-Mo2C None 68 
O-Mo2C ~ 4 h 9 
 
 141 
6.3.4 Activation protocols and site requirements 
We investigated the effects of activation pretreatment on IPA HDO in terms 
of the number and nature of active sites. Passivated catalysts (0.1 g) were loaded 
into a reactor and activated at 773 K under H2 atmosphere at flow rates of 0.167 – 
3.33 cm3 s-1 and held at 773 K for times from 0 – 48 h. Activated catalysts were 
then used for IPA HDO experiments; steady state HDO rates were achieved, 
activation energies were measured, and DTBP titrations were subsequently 
performed.  
HDO rates, defined as the combined rates of formation of propylene and 
propane per gram of catalyst, could be altered by a factor of ~60 with H2 
pretreatment as shown in Fig. 6.7. Short activation times produced higher HDO 
rates and long activation times produced lower HDO rates. HDO activation 
energies were also altered by activation protocols; short activation times of 0 – 6 
h in H2 flow yielded Mo2C catalysts that exhibited HDO activation energies of ~103 
kJ mol-1 whereas long activation times of 24 – 48 h yielded Mo2C catalysts that 
exhibited activation energies up to 140 kJ mol-1. The extrapolated quantity of DTBP 
used to quantify acid site density also decreased monotonically as a function of 
activation time from 64 to 5 μmol gcat-1 for 1 to 25 h activation, respectively. 
DTBP titrations, performed after measurement of HDO activation energy, 
typically irreversibly titrated ~50% of the HDO rates (Section C.5). Irreversible 
titration with DTBP is indicative of Brønsted acidity as reported by Brown et al.134, 
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implying that the rate-determining dehydration of IPA during acetone HDO over 
Mo2C catalysts occurs over Brønsted acid sites. Bifunctional metal/acid catalysis 
is necessary for acetone HDO with the rate-determining dehydration being 
 
 
Figure 6.7. Acetone HDO rate, defined as the combined rate of formation of (propylene 
+ propane) normalized by catalyst loading, and HDO turnover frequency (TOF) 
normalized by the Brønsted acid site density calculated by extrapolating rate titration 
from DTBP co-feed experiments. T = 369 K, 0.25 kPa equilibrated (IPA + acetone) 
mixture, 81 kPa H2, 4 kPa CH4 as an internal standard, ~0.1 gcat loading, ~1.83 cm3 s-1 
total flow. Titrant flow was an equivalent volumetric flow rate of equilibrated (IPA + 
DTBP) mixture with a DTBP mole fraction of 1x10-3 to 8x10-3. Catalysts were activated 
under 1.83 cm3 s-1 H2 flow, ramped from ambient temperature to 773 K at 0.066 K s-1, 
held at 773 K for the denoted activation time, and cooled to 369 K under H2 flow. 
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performed over residual Brønsted acid moieties that remain on the catalyst surface 
even after reductive pretreatments. 
HDO turnover frequencies (TOF), defined as the rate of formation of 
propylene and propane per time per DTBP titrated site, were calculated for 
individually activated catalysts. TOF calculations necessitate assuming that all 
active sites are identical and that one DTBP molecule stoichiometrically titrates 
one Brønsted acid site. These TOF calculations also assume that all un-titrated 
rates are a result of sterically hindered Brønsted acid sites within Mo2C pores that 
cannot be reached due to the difference in kinetic diameters of DTBP and IPA 
(1.05 nm vs. 0.47 nm)165,166. As shown in Fig. 6.7, HDO TOF decreases with 
increasing activation time under H2 flow at constant activation temperature, 
catalyst loading, and H2 flow rate.  
The change in extrapolated DTBP uptake, estimated as the Brønsted acid 
site density, as a function of increased extent of activation can only account for a 
factor of ~13 difference in the observed 60-fold change in dehydration rate 
normalized by catalyst loading. The TOF for a zero-order reaction, such as the IPA 
dehydration observed in this work, is the rate constant normalized per active site. 
This active-site-normalized rate constant can be expressed as a pre-exponential 
factor and an Arrhenius dependence: 
 𝑇𝑂𝐹 = 𝑟𝑎𝑡𝑒 = 𝑘 = 𝑘A𝑒BCDEF  (Eq. 6.2) 
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where TOF is the turnover frequency in units of mol s-1 site-1, k is the rate constant 
in units of mol s-1 site-1, k0 is the pre-exponential factor in units of mol s-1 site-1, Ea 
is the activation energy in kJ mol-1, R is the ideal gas constant, and T is the reaction 
temperature in K. The observed increase in IPA dehydration activation energy as 
a function of increasing activation treatment must therefore at least partially 
account for the concurrent decrease in calculated TOF.  
The observed 60-fold variation in dehydration rate as a function of activation 
treatment is therefore a combined effect of the alteration of both the acid site 
density and nature of the active site as measured by the change in activation 
energy. The exact deconvolution of these two effects is difficult due to the 
exponential Arrhenius dependence in conjunction with statistical and experimental 
error. Experimentally, it is likely that varying activation treatments of Mo2C create 
a distribution of acid sites that also varies with activation treatment; TOFs were 
calculated by assuming one single type of acid site, but the likelihood of the 
heterogeneity of active sites cannot be discounted. 
The Brønsted acid active site partially donates the acidic proton to the 
reactant IPA, and this would leave a residual negative charge on the catalyst 
surface; extensive reduction under flowing H2 could decrease the ability of the 
catalyst surface to stabilize and delocalize this partial negative charge, decreasing 
the ability of the active site to catalyze dehydration as evinced by a lower TOF. 
Djéga-Mariadassou and coworkers7 reported that Mo2C catalysts synthesized 
under flowing H2/CH4 mixtures retained residual oxygen moieties; catalysts 
 145 
synthesized with a final temperature of 1023 K eluted no H2O under 10 vol% 
CH4/H2 under a further temperature ramp up to ~1400 K whereas catalysts 
synthesized with a final temperature of 923 K or 973 K released residual O* as 
H2O under the same reductive TPR conditions. Increased synthesis temperatures 
up to a maximum of 1023 K increased both the measured rate of benzene 
hydrogenation per gram of catalyst as well as the calculated benzene 
hydrogenation site time yield (STY) as normalized by ex situ irreversibly adsorbed 
CO as measured by pulsed chemisorption. Our work mirrors these findings; more 
extensive reductive treatments favors removal of oxygen moieties and 
subsequently decreases both the acid site density and the ability of acid sites to 
catalyze dehydration whereas Djéga-Mariadassou and coworkers showed that 
increased reductive pretreatment removes surface O* species and concurrently 
bolsters both metallic site densities and strengths. Reductive pretreatments of 
passivated Mo2C catalysts decreases catalyst acid site densities and alters acid 
site identities with increasing extent of pretreatment, tuning the catalytic metal-acid 
bifunctionality. 
This work stresses the importance of the extent of oxidation of Mo2C 
catalytic formulations as a function of both oxygen treatment and activation 
protocols as tools to systematically alter catalytic biomass-derived carbonyl HDO 
that necessitates a bifunctional metal-acid Mo2C surface state. Oxidation 
increases Brønsted acidic character and concurrently decreases metallic 
functionality, and activation protocols can vary the number and nature of both 
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acidic and metallic active sites. Comparison of Mo2C catalytic activities should 
account for extent of oxidation during reaction, passivation, and pretreatment 
conditions, as well as activation temperatures, contact times, and time spent at 
activation temperatures.  
6.4 Conclusions 
Activated Mo2C catalyzed acetone HDO via a sequential pathway; acetone 
was first hydrogenated to IPA over metallic sites to equilibrium concentrations, 
then IPA was dehydrated to form propylene over Brønsted acid sites, and 
propylene could be sequentially hydrogenated to form propane. Acetone 
hydrogenation equilibrium was reached and was shown to be independent of H2 
pressure from 21 – 82 kPa and contact times from 1.29 – 126 gcat (gAcetone h-1)-1. 
The rate-determining IPA dehydration was (i) kinetically independent of H2 
pressure, and (ii) occurred over Brønsted acid sites similar to those reported 
previously on O*-Mo2C as evinced by DTBP titrations and a C3D7OD KIE of 1.85.  
In situ oxygen modification via 13.5 kPa O2 co-feed at a reaction 
temperature of 369 K was shown to decrease the surface area of activated Mo2C 
catalysts from 68 to 9 m2 g-1 as measured by the post-reaction BET analysis of 
nitrogen physisorption isotherms. Oxygen modification also eliminated C=O 
hydrogenation sites, thereby arresting the carbonyl HDO pathway at the 
preliminary hydrogenation step. Increasing Mo2C oxidation increases Brønsted 
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acidic activity while concurrently suppressing metallic hydrogenation functionality 
similar to the effects previously observed over WCx catalysts11,107.  
Activation pretreatments of passivated Mo2C catalysts were also shown to 
affect reactivity; alteration of activation time under H2 flow at 773 K could decrease 
dehydration rates per gram of catalyst by a factor of 60. Increasing the extent of 
activation by increasing activation time under H2 flow at 773 K altered both the acid 
site density and the nature of the active site as evinced by decreased dehydration 
rates, increased activation energies of dehydration, and decreased calculated 
dehydration TOF as normalized by in situ DTBP titrations.  
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CHAPTER 
SEVEN 
7. PROPANE-CO2 REACTIONS ON MOLYBDENUM CARBIDE: 
DEHYDROGENATION KINETICS AND CHEMICAL TRANSIENTS 
MEDIATED BY EVOLUTION IN OXYGEN COVERAGE 
 
7.1 Introduction 
 Transition metal carbides, capable of activating C-C, C-O, and C-H bonds, 
provide an opportunity to use CO2 for the oxidative dehydrogenation of alkanes to 
produce olefins. Solymosi et al.167,168 reported that co-processing of CO2-C2H6 and 
CO2-C3H8 mixtures at ambient pressure and 850 – 923 K over bulk and supported 
Mo2C resulted in 8 – 60% alkane conversion with > 90% selectivity to 
dehydrogenation pathways below 873 K and high selectivity to CO via alkane 
reforming above 873 K with effluent CO/C2H4 > 10 at temperatures above 960 K. 
Porosoff et al.169 and Frank et al.59 reported increased alkane conversion and 
stability over Mo2C catalysts at 773 – 873 K by introducing a co-feed of H2, also 
showing an increase in CO formation via H2 co-feed in presence of ethane and 
CO2. Pursuant to these reports, we present a kinetic and mechanistic assessment 
of propane oxidative dehydrogenation using CO2 as an oxidant. 
 Molybdenum-based catalytic formulations have been shown to occlude and 
release interstitial atoms including C, H, O, and N, resulting in altered catalytic 
activity49,81,123,170. Sinfelt49 reported ethane hydrogenolysis at 668 K; monotonically 
increasing hydrogenolysis rates over 5 h of reaction time were attributed to the 
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gradual inclusion of lattice C* to form a molybdenum-carbidic catalyst, evinced by 
post reaction XRD. Oliveira et al.48 used DFT in conjunction with thermal 
temperature-programmed desorption (TPD), demonstrating that occluded H* 
within the carbidic crystal lattice can be removed via thermal treatment and 
consumed via benzene hydrogenation. Leary et al.37 reported the removal of O* 
and C* from molybdenum oxycarbidic lattices via TPD under H2 and He 
atmospheres up to temperatures of 1173 K; O* and C* could be removed as CO, 
CO2, H2O, and CH4. Total C* and O* removed during activation protocols 
accounted for >7 monolayers (monolayers calculated based on specific surface 
areas of 6 m2 g-1 and 1.1x1015 (surface Mo atoms) cm-2), and activation procedures 
under various gaseous environments and temperatures resulted in both differing 
rates of ethylene hydrogenation (maximum and minimum initial rates of 196 and 
0.6 µmol s-1 gcat-1 were achieved via He activation at 1173 K and 773 K, 
respectively) and differing deactivation profiles. The changes in catalytic function, 
described by changing hydrogenation rates and deactivation profiles, were 
ascribed to surface and bulk structural modifications induced by activation 
protocols.  
 Chin and coworkers171–175 have studied oxidation reactions of CO, CH4, 
CH3OH, and C2H6 with O2 and CO2 over supported Pt, Pd, Ni, and Co catalysts 
using gas phase flow reactors at temperatures of 500 – 1300 K in conjunction with 
density functional theory (DFT) methods. Tu and coworkers172 investigated CH4 
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oxidation with CO2 over Ni, Co, and Ni-Co clusters at 873 K, reporting that the 
reverse water-gas shift reaction (RWGS, CO2 + H2 à CO + H2O) was catalyzed to 
equilibrium conversions, allowing for quantification of the chemical potential of 
surface O* in relation to the equilibrated effluent CO2/CO or H2O/H2 ratios. This O* 
surrogate could be used to characterize the catalyst surface in situ and kinetically 
model all CH4 oxidation rate data as a single-valued function of the O* chemical 
potential for oxophilic Co-based formulations. Tu and coworkers173 analyzed 
CH3OH oxidative dehydrogenation by quantifying the surface O* and subsequent 
CH3OH oxidation reactions as a function of O2/CH3OH; this descriptor could be 
used to analyze the extent of oxidation of Pd clusters and the relative populations 
of oxidized sites (O*) and metallic sites (*). The kinetically relevant steps of CH3OH 
activation pathways transitioned from activation on metallic site pairs (*-*) to O*-* 
site pairs and finally to oxidized (O*-O*) site pairs as a function of increasing 
oxidative potential as measured by the O2/CH3OH ratio. The virtue of using gas 
phase composition to delineate surface coverages when co-processing 
alkane/oxidant mixtures is evident from the work of Chin and coworkers171–175. 
 Rodriguez and coworkers61,94 used DFT methods in conjunction with ultra-
high vacuum (UHV) studies to demonstrate the importance of the surface C/Mo 
ratio on the ability of b-Mo2C to reduce CO2 to CH3OH and CO, reporting that Mo-
terminated MoCx catalyzes spontaneous C=O rupture of CO2 whereas C-
terminated MoCx enables CO2 reduction via either hydrogenation or 
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deoxygenation. Liu et al.94 reported that O*-covered C-terminated b-Mo2C 
catalyzed the water-gas shift (WGS) reaction (CO + H2O à CO2 + H2) at rates 
higher than those observed over an industrial-based copper WGS catalyst.  
Lee and coworkers1,65,176 reported H2-activated hydrocarbon conversion by 
alumina-supported Mo and Mo2C including benzene hydrogenation and n-butane 
hydrogenolysis at ambient pressure and 323 K and 510 K, respectively. Mo- and 
Mo2C-catalyzed hydrogenolysis exhibited positive order dependences upon H2 
pressure (r ~ PH2a, a ~ 1.5). H-activated transition metal carbide-catalyzed 
hydrogenation and hydrogenolysis pathways are inhibited by surface oxidation as 
we have reported with respect to benzene and acetone hydrogenation over Mo2C 
catalysts28,145 and as Ribeiro et al.10,12 have reported with respect to O*-inhibition 
of C5+ alkane hydrogenolysis via O*-modification of WCx catalysts.  
In this work, we report the kinetics of propane and CO2 conversion pathways 
over molybdenum oxycarbidic catalytic formulations and utilize transient and 
steady-state propane dehydrogenation as a probe reaction to quantify co-feed-
induced catalyst transformations; changes in dehydrogenation and hydrogenolysis 
rates and selectivity can be rationalized as oxygen-coverage-dependent effects. 
Molybdenum oxycarbide formulations catalyze the reverse water gas shift (RWGS) 
reaction to equilibrium at 823 K under the conditions studied in this work, allowing 
for the use of the effluent PCO2/PCO ratio to calculate the oxidized fraction of the 
catalyst surface, 𝜃H∗. Molybdenum oxycarbides catalyze propane dehydrogenation 
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in presence or in absence of H2 or CO2 co-feed; dehydrogenation rates can be 
modeled via a two-site reverse Horiuti-Polyani mechanism177 involving three 
distinct site pairings: (i) two oxidized sites (O*-O*), (ii) two carbidic sites (*-*), or (iii) 
a combined pair of an oxidized and reduced site (O*-*). Catalyst transients due to 
surface site density changes induced by the reductive or oxidative potential of the 
gas phase atmosphere can be monitored and quantified through the use of 
dehydrogenation as a probe reaction in a method similar to that reported by Chin 
and coworkers172. H2 co-feed induces catalytic C-C bond scission to form primarily 
CH4 in absence of CO2, and the presence of CO2 leads to selective formation of 
CO after C-C scission events. Surface O* deposited from CO2 decomposition 
inhibits hydrogenolysis pathways.  
7.2 Experimental  
7.2.1 Catalyst synthesis 
 Syntheses and reactions were carried out in a gas phase flow reactor with 
stainless steel transfer lines70. Catalyst synthesis was carried out using a 
temperature programmed reaction method used in previous work14-16. Catalysts 
were prepared in a quartz tubular reactor (I.D. 6.9 mm). The catalyst bed was held 
in place with two quartz wool plugs, and homogeneous reaction was minimized by 
filling reactor void volume with concentric quartz rods preceding and following the 
catalyst bed. Ammonium paramolybdate precursors (0.1-1.0 g, sieved, 177-400 
μm, (NH4)6Mo7O24·4H2O, Sigma, 99.98%, trace metal basis) were heated in a 
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single-zone split tube furnace (Applied Test Systems) at 0.06 K s-1 to 623 K and 
held at 623 K for 12 h under total flow of 3.0 cm3 s-1 of 15 vol% CH4 (Matheson, 
99.97%) in H2 (Minneapolis Oxygen, 99.999%). The temperature was then ramped 
at 0.046 K s-1 from 623 K to 873 K and held at 873 K for 2 h. The reactor was then 
cooled under the same gas flow to 823 K to begin reaction.  
Catalyst passivation was carried out after reaction and before exposing the 
spent catalyst to the atmosphere; the post-reaction catalyst was treated in flowing 
1% O2/He (Matheson, Certified Standard Purity) at 1.0 cm3 s-1 for at least 1 h in an 
effort to passivate the carbide surface and avoid violent bulk oxidation with 
atmospheric O217, 18. Passivated samples were used for ex situ characterization 
methods.  
7.2.2 Catalyst characterization 
Mo2C samples were characterized using an ASAP Micromeritics 2020 
analyzer to determine surface area and porosity. BET surface area and porosity 
measurements using N2 were performed at liquid nitrogen boiling temperature. 
Prior to N2 physisorption measurements, samples were degassed to < 6 μm Hg 
and heated to 523 K at 0.17 K s-1 and held for 2 - 4 h.  
 XRD was performed with a Bruker D8 Discover 2D X-ray diffractometer 
equipped with a 2-D VÅNTEC-500 detector and a 0.8 mm collimator. Co Kα1 and 
Kα2 radiation was used in conjunction with a graphite monochromator. Scans were 
performed in either two or three frames during 900 s a total range of 2θ = 23˚ to 
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67˚. The 2-D scans were converted to 1-D intensity vs. 2θ with a step size of 0.04˚ 
2θ and merged for analysis. A zero-background holder was used with a small 
amount of vacuum grease for sample support. Diffractogram analysis and 
comparison was performed after converting to data relative to a Cu radiation 
source.  Spent catalyst samples were shown to have bulk structures of primarily b-
Mo2C (Fig. D.1). 
7.2.3 Reaction methods 
 All reactions were performed on as-synthesized samples never exposed to 
atmospheric conditions. Temperature of as-synthesized formulations was 
decreased to reaction temperature, typically 823 K, under synthesis flow. Gas 
phase flows were then switched to reactive mixtures in order to begin kinetic 
measurements. Reaction temperature was measured using a K-type 
thermocouple in contact with the exterior of the quartz reactor. Liquid feed was 
introduced via either a KD Scientific syringe pump (KDS120) or an M6 Vici Valco 
high pressure liquid chromatography (HPLC) pump into stainless steel reactor 
lines heated by resistive heating tape. Reactor effluent was vented to ambient 
pressure; system pressure varied from 101 kPa to 130 kPa as measured by a 
PX209-300G5V pressure transducer. Reactor temperature varied from 808 – 838 
K with kinetic experiments performed isothermally at 823 K. Volumetric flow rate 
was kept constant at 1.7 cm3 s-1 unless otherwise specified. Space velocity 
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variations were achieved by proportional alteration of all reactant and diluent flows 
to maintain constant mole fractions of all gas phase species. 
 Reactor effluent was analyzed by an online Agilent 7890A gas 
chromatograph (GC) using a flame ionization detector (FID) and a thermal 
conductivity detector (TCD). Eluent separation was achieved in parallel using a 
dimethylpolysiloxane J&W HP-1 column (50.0 m long, 320 μm diameter, 0.52 μm 
film thickness) connected to the FID and a GS-GasPro (60 m long, 320 μm 
diameter) preceding the TCD. CO, CO2 and H2 were quantified via TCD, and H2O 
was quantified only under steady state conditions via oxygen balance. All other 
species were quantified via FID.  
7.2.4 Parameter estimation for kinetic modeling 
Kinetic parameter optimization and uncertainty determination (95% 
marginal highest posterior density intervals) were determined using the Athena 
Visual Studio (v14.2, W.E. Stewart and M. Caracotsios) statistical software 
package and Bayesian statistical estimation techniques. Rate measurements 
repeated at identical inlet gas phase conditions at later times-on-stream were 
treated as replicate measurements for parameter estimation. Rate measurements 
included for fit analysis were measured after reaching steady state conditions for 
>60 min. 
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7.3 Results and Discussion 
7.3.1 Co-feed effects on dehydrogenation and C-C scission pathways 
Propane conversion was observed over Mo2C at 823 K both in absence of 
a co-feed and under three separate co-feed regimes: (i) CO2 co-feed, (ii) H2 co-
feed, and (iii) H2/CO2 co-feed. Propane conversion and product selectivity are 
plotted in Figure 1:  
 
Figure 7.1. Propane conversion and carbon selectivity with (i) no co-feed, (ii) PCO2 = 1.1 
kPa co-feed, (iii) PH2 = 6.2 kPa co-feed, and (iv) PH2 = 6.2 kPa, PCO2 = 1.1 kPa co-feed. 
PC3H8 = 5.2 kPa, T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow. 
 
Figure 7.1 shows that propane is converted with >95% selectivity to 
propylene via dehydrogenative pathways in absence of a co-feed or in presence 
of a CO2 co-feed; addition of CO2 results in a ~1.5x increase in dehydrogenation 
rates. Addition of H2 co-feed to C3H8 flow results in a ~3x increase in propane 
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conversion, but ~30% of converted propane undergoes unselective C-C bond 
scission via H2-catalyzed hydrogenolysis to primarily form CH4; alkane 
hydrogenolysis pathways over molybdenum carbidic formulations have been 
reported for n-butane,1,56 propane,59 and C5+ alkanes9. Frank et al.59 reported the 
beneficial effect of H2 co-feed on propane conversion and the concurrent 
detrimental effect on dehydrogenation selectivity over Mo2C at 773 K in a gas 
phase flow reactor, and Chen and coworkers169 reported similar H2-induced effects 
during Mo2C-catalyzed oxidative dehydrogenation of ethane using CO2. As we 
discuss below, these beneficial effects of H2 addition on propane chemical 
conversion reflect surface-modification-induced site requirement changes. 
Concurrent co-feed of CO2 and H2 results in the highest conversion of 
propane with a dehydrogenation selectivity of ~55%; the remaining 45% of 
propane is converted via C-C scission pathways to form C1 and C2 compounds, 
with reforming CO dominating the selectivity among C-C scission products. Due to 
the presence of a CO2 co-feed and the known RWGS functionality of Mo2C, 
reforming CO was quantified by a carbon balance on carbon oxides as shown in 
Equation 7.1: 
 
 𝑟E3J5KLM6NOH = 𝑟OH8 + 𝑟OH CJJPQ364 − 𝑟OH8 +6JPQ364 (Eq. 7.1) 
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Net formation rates of CH4 were typically <5% of reforming rates, and 
independent experiments showed that CO2 methanation typically accounted for 
<10% of all CH4 formation. Under reaction conditions including H2 co-feed, 
conversion of propane increased via activation of H*-induced C-C scission routes; 
C-C scission pathways yielded primarily CH4 as a terminal product in absence of 
a CO2 co-feed, and the presence of CO2 in addition to H2 induced propane 
reforming to form CO after C-C bond scission. Alterations in C-C scission pathways 
can be similarly rationalized as a function of co-feed-induced surface alteration as 
is discussed in further detail in Section 7.3.5.  
7.3.2 Reverse water-gas shift equilibration 
The presence of all species involved in the reverse water gas shift reaction 
(RWGS) during oxidative dehydrogenation of propane via CO2 (H2, CO2, CO, and 
H2O) necessitates the investigation of RWGS kinetics over Mo2C. Molybdenum 
carbide catalyzes the forward and reverse water-gas shift reactions as well as the 
deoxygenation of biomass-derived ketones and aldehydes, demonstrating the 
propensity for carbidic activation of C=O bonds19,36,61,78,79,122,145,178. The approach 
to equilibrium for the reverse water gas shift reaction, hRWGS, is calculated as 
shown in Equation 7.2:  
 
 𝐶𝑂8 + 𝐻8 UVWXY 𝐶𝑂 + 𝐻8𝑂 (Eq. 7.2) 
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𝜂EZ[\ = 𝑃OH𝑃78H𝑃OH8𝑃78𝐾EZ[\  
 
Figure 7.2. Reverse water-gas shift reaction approach to equilibrium as a function of H2 
and CO2 pressure variations. T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow, P = 110 kPa, 
PCO2 varied from 1.1 – 10.9 kPa, PH2 varied from 6.1 – 11.1 kPa. 
 
hRWGS values shown in Figure 7.2 demonstrate that Mo2C catalyzes the 
RWGS reaction to equilibrium under CO2/H2 co-feed conditions reported in this 
work. The approach to equilibrium of the RWGS reaction was also calculated in 
presence of C3H8 co-feed and is shown in Figure 7.3 below. 
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Figure 7.3. Reverse water-gas shift reaction approach to equilibrium as a function of (a) 
H2 and CO2 pressure variations in presence of PC3H8 = 5.2 kPa, and (b) C3H8 pressure 
variations in presence of PH2 = 6.2 kPa, PCO2 = 1.1 kPa or PH2 = 25 kPa, PCO2 = 4.3 kPa. 
T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow. 
 
Figure 7.3a) shows that RWGS equilibrium is reached under H2 and CO2 
co-feed pressures used in this study that varied from 1 - 11 kPa CO2 and 6 - 50 
kPa H2. Figure 7.3b) shows that at constant H2 and CO2 pressure, RWGS 
equilibrium is also reached when varying C3H8 pressure from ~0.5 to 10 kPa. As 
discussed in Section 7.3.1, H2/CO2 co-feed conditions induce propane reforming 
and therefore increased COx concentrations along the length of the bed, yet 
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RWGS equilibrium is typically achieved even under conditions of excess COx 
formation. 
hRWGS values deviate slightly from unity based upon reaction conditions, 
varying from 0.5 to 1.4, exhibiting the greatest variations upon changes in H2 and 
CO2. H2/CO2 variations in the reaction atmosphere alter the reductive and oxidative 
potential, respectively, of the gaseous environment. Molybdenum oxycarbidic 
formulations are affected by the atmosphere they are exposed to, forming non-
stoichiometric surface and bulk compositions via incorporation or loss of lattice 
carbon, oxygen, and hydrogen37,48,112.  Transients affect the surface and bulk 
structure and involve incorporation and/or evolution of C*, H*, or O* in the forms of 
CO, CO2, H2, H2O, or CH4, and the subsequent effects upon catalytic electronic 
structure can transiently affect measured equilibration of the RWGS reaction.  
We posit that the calculated hRWGS values plotted in Figure 7.3 demonstrate 
a thermodynamically equilibrated RWGS reaction under all reported H2/CO2 co-
feed conditions, and we consider RWGS to be equilibrated in formulating a kinetic 
description in Section 7.3.3 below. As has been proposed by Chin and 
coworkers172, RWGS equilibrium implies oxygen coverages on the surface can be 
adduced from an assessment of CO2 decomposition as shown in Equation 7.3:  
 
 𝐶𝑂8 +		∗		U]^_ 𝐶𝑂 + 𝑂 ∗ (Eq 7.3) 
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where * is an open metallic/carbidic reactive site and O* is an oxidized 
surface site. Therefore, the relative proportion of oxidized and carbidic catalytically 
active sites, or more precisely, 𝜃H∗ = 𝐾OH8 ,]^_,]^ 𝜃∗ can be assessed considering 
the total number of catalytic centers to be conserved as CO2/H2 pressures are 
varied.  
7.3.3 Dehydrogenation kinetic modeling 
Dehydrogenation rates were noted to transiently change upon altering the 
partial pressures of H2 and CO2, however, steady state rates achieved after the 
transient were typically stable with <10% deactivation over periods of over 2000 
min (Fig. D.2). Figure 7.4 shows the effect of temperature on catalytic propane 
dehydrogenation in absence of co-feed, in presence of CO2 co-feed, and in 
presence of combined H2/CO2 co-feeds; corresponding apparent activation 
energies for dehydrogenation for these reaction conditions are calculated to be 
180, 110, and 69 kJ mol-1, respectively. The distinct activation energies can be 
rationalized as the result of altered reactant binding due to varied surface 
terminations and/or the prevalence of different dehydrogenation mechanisms. Tu 
et al.173 reported variations in the effective barrier for CH3OH activation from 26 to 
90 kJ mol-1 for *-* and O*-O* site pairs, respectively; surface oxidation altered the 
energetics of methanol activation by reactant-induced active site modification. The 
varied activation energies observed for propane activation in this work similarly 
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implicate co-feed induced surface O* coverage that alters the nature of the 
dehydrogenation active sites or the dehydrogenation mechanism itself. 
 
Figure 7.4. Propane dehydrogenation rates as a function of reaction temperature. PC3H8 = 
5.2 kPa, T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow. Co-feed conditions of (i) no co-feed, 
(ii) PCO2 = 1.1 kPa co-feed, or (iii) PH2 = 6.2 kPa, PCO2 = 1.1 kPa. 
 
Alkane dehydrogenation can be most simply kinetically modeled by a 
reverse Horiuti-Polyani mechanism177,179, characterized by alkane 
dehydrogenation over two proximate catalytically active sites. The simplest 
possible model surface under the relevant ODH conditions is entirely comprised of 
carbidic sites (*) and oxidized sites (O*). The site balance can be written in typical 
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fashion as follows in Equation 7.4, and the fraction of oxidized sites can be 
calculated in conjunction with Equation 7.3: 
 
 1 = 𝜃H∗ + 𝜃∗ 
𝜃H∗ = 𝐾OH8 𝑃OH8𝑃OH1 + 𝐾OH8 𝑃OH8𝑃OH  
(Eq. 7.4) 
 
The two-site dehydrogenation mechanism on a surface that is comprised 
entirely of (*) or (O*) sites can potentially involve alkane activation on three distinct 
types of site pairs denoted by their respective rate constants: (i) oxidized O*-O* 
site pairs (kO*-O*), (ii) mixed O*-* site pairs (kO*-*), and (iii) carbidic *-* site pairs (k*-
*). Dehydrogenation rates exhibited near-first order dependences upon propane 
pressure under most conditions (Fig. D.3) which can be rationalized by weak 
interactions of the saturated hydrocarbon with the oxycarbidic surface at elevated 
temperatures of 823 K. The rate expression involving dehydrogenation over all 
three combinations of site pairs on the partially oxidized Mo2C surface can be 
expressed as follows: 
 
 𝑟O`7a𝑃O`7b = 𝑘H∗BH∗𝜃H∗𝜃H∗ + 𝑘H∗B∗𝜃H∗𝜃∗ + 𝑘∗B∗𝜃∗𝜃∗ (Eq. 7.5) 
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This functional form of the dehydrogenation rate arises for postulated 
mechanisms considering many possible rate-determining steps including initial 
two-site alkane C-H activation, secondary heterolytic or homolytic H-abstraction, 
or rate-determining alkene desorption. The proposed rate expression is not 
exclusionary amongst prospective mechanisms, yet this basic two-site 
dehydrogenation model enables an investigation of the evolution of the oxycarbidic 
surface.  
In similar fashion to Tu et al.172, we quantify the oxygen chemical potential 
in relation to the effluent ratios of RWGS products as explained in Section 7.3.2. 
Combining the quantification of O* sites in Equation 7.4 with the rate expression 
of Equation 7.5 yields Equation 7.6: 
 
 𝑟O`7a𝑃O`7b = 𝑘H∗BH∗𝐾OH88 𝑃OH8𝑃OH
8 + 𝑘H∗B∗𝐾OH8 𝑃OH8𝑃OH + 𝑘∗B∗1 + 𝐾OH8 𝑃OH8𝑃OH 8  
(Eq. 7.6) 
 
The rate expression in Equation 7.6 includes dehydrogenation catalyzed by 
all three site pair combinations. Dehydrogenation rate data were kinetically 
modeled with different combinations of the three possible rate expressions 
corresponding to different active site pairs to probe the necessity of each term in 
the rate expression. Figure 7.5 shows parity plots representing the goodness of fit 
for multiple combinations of dehydrogenation expressions for >200 propane 
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dehydrogenation rate measurements under experimental conditions involving (i) 
no co-feed, (ii) CO2 co-feed, and (iii) H2/CO2 co-feed.  
 
Figure 7.5. Parity plots between calculated and observed propylene rates under 
experimental conditions involving C3H8 only, C3H8/CO2, and C3H8/CO2/H2 flow. 
Hypothesized rate expressions of (a) O*-O*, O*-*, and *-*, (b) O*-O* and O*-*, (c) O*-O* 
and *-*, and (d) O*-* and *-* with all rate expressions shown in Equations 7.5 and 7.6. T = 
823 K, 0.58 gcat, 1.67 cm3 s-1 total flow. Co-feed conditions of (i) no co-feed, (ii) CO2 co-
feed, or (iii) H2/CO2 co-feed. Pressure ranges of 0.52 < PC3H8 < 10.5 kPa, 3 < PH2 < 49.5 
kPa, and 0.54 < PCO2 < 8.7 kPa. Conversion ranged from 0.2% to 12.8% while typically < 
5%. 
 
Figure 7.5a) shows the goodness of fit achieved from fitting 
dehydrogenation rates using the rate expression in Equation 7.6, accounting for 
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dehydrogenation on all three site pair combinations; kinetic parameters obtained 
from the data fit are tabulated in Table 7.1. Figure 7.5b) shows the 
dehydrogenation rate fits when neglecting dehydrogenation events on *-* site 
pairs; the inset of 5b) shows that the model severely underpredicts all 
dehydrogenation rates measured in the absence of co-feed, demonstrating the 
necessity of dehydrogenation on *-* site pairs prevalent on the carbidic surface in 
absence of O*. 
Figure 7.5d) attempts to fit the dehydrogenation data excluding the kinetic 
term representing dehydrogenation on O*-O* site pairs. The inset of Figure 7.5d) 
shows that this model underpredicts rates for conditions in which C3H8/CO2 
mixtures were co-fed. Under C3H8/CO2 conditions, dehydrogenation rates were 
nearly independent of inlet CO2 pressure (rC3H6 ~ PCO20.13, 0.21 < PCO2 < 10.5 kPa, 
Fig. D.4.). PCO2/PCO ratios varied from 20 – 181; this equates to an O* saturated 
surface (𝜃H∗~1) when using Equation 7.4 in conjunction with the fitted equilibrium 
CO2 dissociation constant listed in Table 1 (KCO2 = 4.5). O*-covered surfaces are 
expected due to the oxophilicity of molybdenum carbide catalysts, exhibiting O* 
binding energies on the order of 0.5 – 3 eV depending on surface termination94,143, 
and the absence of a reducing H2 co-feed. Dehydrogenation rates should exhibit 
a negative order dependence upon PCO2 within the framework of a two-site 
dehydrogenation mechanism unless dehydrogenation events occur primarily on 
O*-O* site pairs; the strong O* binding energy in conjunction with no observed 
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inhibitive effects of PCO2 under C3H8/CO2 conditions implicates the necessity of 
dehydrogenative pathways over O*-O* site pairs. 
Figure 7.5c) shows the inability of the kinetic model to fit the majority of 
dehydrogenation rates in absence of a kinetic term representing dehydrogenation 
on O*-* site pairs, particularly rates measured under H2/CO2 co-feed conditions. 
The concurrent presence of CO2 and H2 co-feeds typically resulted in PCO2/PCO 
ratios of 0.07 – 0.6; this corresponds to intermediate O* surface coverages 
calculated using Equation 7.4 (0.24 < 𝜃H∗ < 0.73) and to a surface with appreciable 
quantities of both O* and * sites. This observation implies that a mixed oxycarbidic 
surface with both * and O* sites should exhibit the highest propane 
dehydrogenation rates, corroborated by the fitted rate constants in Table 1 (kO*-* > 
kO*-O* ~ k*-*).  
Dehydrogenative pathways prevalent on O*-O*, O*-*, and *-* site pairs are 
necessary to describe the observed propane dehydrogenation rates in presence 
and in absence of H2 and CO2 co-feed within the framework of a two-site 
dehydrogenation model. The proposed model neglects the presence of surface 
alkyl, hydroxyl, or alkoxide species; no significant increase in the goodness of fit 
upon the introduction of parameters accounting for surface species other than O* 
or * was noted in our work. The combined dehydrogenation rate expression in 
Equation 7.6 that incorporates dehydrogenation over all three distinct site pairings 
on O*-Mo2C will serve to guide analysis of reaction rate transients in Section 7.3.4. 
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7.3.4 Propane dehydrogenation as a probe reaction to model transient 
catalytic evolution  
Synthesis of molybdenum carbidic formulations typically involve 
temperature-programmed reactions that last on the order of hours or days due to 
the concurrent necessity of O* removal via exposure to a reductive atmosphere 
and incorporation of lattice C* via a carburization agent such as CH4 at elevated 
temperatures of (~873 K)7. Extended transients due to changes in catalyst 
composition and structure occur throughout synthesis, pretreatment, induction 
periods, or due to changes in reaction conditions49,68,70. Transient induction periods 
that last on the order of days prior to achieving steady state were typically observed 
in this study as a result of initial reactant exposure to a fresh carbide at 823 K (Fig. 
D.5). Similar transients occur with change of reaction conditions or 
addition/removal of a co-feed.  
Figure 7.6 shows a representative transient that occurs during C3H8/CO2 
reactions with Mo2C at 823 K upon removal of CO2 from the influent stream at time 
zero. Steady state dehydrogenation of propane had been stabilized for ~300 min 
in presence of 1.1 kPa CO2 co-feed, and CO2 co-feed was removed at relative time 
zero of Figure 7.6; no other changes were made to the system for the next ~4000 
min after CO2 removal.  
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Figure 7.6. Transient 1: Propane dehydrogenation rates as a function of time after CO2 
co-feed removal. PC3H8 = 5.2 kPa, T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow. PCO2 = 1.1 
kPa prior to t=0, PCO2 = 0 kPa after t=0 min. 
 
The propane dehydrogenation rate was unchanged in absence of CO2 flow 
for ~300 min, and the dehydrogenation rate subsequently rose by a factor of five 
before decaying down to a stable value over the course of the next ~2000 min. 
This transient can be rationalized by dehydrogenation over the three distinct site 
pairs hypothesized in Section 7.3.3. Dehydrogenation was initially catalyzed 
entirely by O*-O* site pairs on the O*-saturated oxycarbidic surface. During the 
first ~300 minutes, the surface is slowly reduced by propane, and O* is 
concurrently removed as H2O or CO. The amount of O* removed during this initial 
300-minute period in which dehydrogenation rates were unchanged, approximated 
by the propylene dehydrogenation rate, was 0.05 O*/Mobulk if each 
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dehydrogenation event results in the stoichiometric removal of one O*. This small 
quantity of O* could be ascribed to supermonolayer O* coverages or surface O* 
replenishment via bulk O* diffusion prior to uncovering of a significant population 
of * sites.  
Removal of surface O* will eventually result in liberation of carbidic * sites, 
and this exchange effectuates the transition to dehydrogenation catalyzed by O*-
* site pairs, shown to have a larger dehydrogenation rate constant than O*-O* site 
pairs as reported in Table 1. The total supply of O* is limited to that occluded within 
the bulk during CO2 co-feed due to the removal of the O* source at t = 0, and this 
O* reservoir is slowly depleted via C3H8-induced reduction. As O* supplies are 
depleted, the surface approaches the limit of being entirely populated by carbidic 
* sites, reaching a steady state dehydrogenation rate catalyzed entirely by *-* site 
pairs.  
Rates of CO formation rise and fall in conjunction with propylene rates, the 
integrated quantity of O* liberated as CO over the entire duration of the transient 
is 0.94 O*/Mobulk. Assuming an upper bound of Mo2C surface area to be 100 m2 g-
1 (0.25 Mosurface/Mobulk) leads to a calculated O* loss that would account for ~4 
monolayers of O*; oxidation-induced surface area decrease145 would imply loss of 
a greater number of O* monolayers, and post-reaction catalyst surface areas were 
measured to be ~30 m2 g-1. This implicates extensive oxidation of bulk Mo under 
CO2 co-feed conditions for prolonged times at 823 K. Independent experiments 
showed that bulk MoO3 exhibited negligible transient behavior after removing CO2 
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from C3H8/CO2 dehydrogenation conditions; rates were stable and intransient for 
over 3000 min (Fig. D.6). The absence of transience in the identical MoO3 
experiment demonstrates the necessity of the carbidic structure for bulk O* 
occlusion and removal as well as variations in reducibility between bulk Mo-oxides 
in comparison to oxidized molybdenum carbides.  
The transience observed in Figure 7.6 can be quantitatively modeled with 
Equation 7.7 by assuming that the rate of removal of surface O* is proportional to 
the surface O* fraction: 
 
 𝑑𝜃H∗𝑑𝑡 = −𝜃H∗𝜏) , 𝜃H∗ 4gA = 	1 𝜃H∗ = 𝑒B 4hi	, 𝜃∗ = 1 − 𝑒B 4hi 
 
(Eq. 7.7) 
This differential equation, when solved with an initial condition of an entirely 
O* saturated surface 𝜃H∗ 4gA = 	1  yields a temporally exponentially decreasing 
surface O* fraction with a time constant of t1. The initial and asymptotic rate limits 
of Figure 7.6 set the values of kO*-O* and k*-*, respectively, and the transience can 
be fit with a two parameter model. Athena was used to fit this transient by varying 
t1 and kO*-*, and the values are reported in Table 1. Table 1 shows that the value 
of kO*-* obtained from analysis of this transient is in near quantitative agreement 
with that obtained from parameter estimation of steady state dehydrogenation 
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rates. The data from Figure 7.6 could also be modeled by quantifying 𝜃H∗ as the 
remaining fraction of the total amount of CO evolved from the catalyst as shown in 
(Fig. D.7). The values of kO*-* and t1 extracted from this fitting method were 
comparable to the values listed in Table 1.  
Table 7.1. Propane dehydrogenation rate constants extracted from modeling of steady-
state and transient propane dehydrogenation experimental data shown in Figures 7.5, 7.7, 
and 7.9. Bolded parameters with error bars were extracted from kinetic modeling, and N/A 
indicates that the indicated parameter was irrelevant to the listed experiment and could 
not be estimated. 
 
 Experimenta 
Parameter Steady State Transient 1 Transient 2 
kO*-O*b 3.4 ± 0.06 3.2f 3.4h 
kO*-*b 78 ± 8 65 ± 4 43 ± 2 
k*-*b 1.9 ± 0.2 2.4f 4.8f 
KCO2c 4.5 ± 0.4 N/A N/A 
txd N/A 452 ± 40 100 ± 6 𝜃H∗A e N/A 1g 0.36g 
    
aExperimental source of kinetic parameter 
bRate constant / (10-3 µmol s-1 gcat-1 kPaC3H8-1) 
cEquilibrium constant for CO2 dissociation as shown in Equation 7.3  
dTime constant for exponential decay term in transient experiment x (x=1,2) / (min) 
eFraction of surface initially oxidized prior to partial pressure step change in transient experiments 
fParameter was fixed by the initial dehydrogenation rate prior to condition change or the final 
dehydrogenation rate after conclusion of all transience 
gParameter was calculated from Equation 7.4 based off experimental conditions and fixed for fitting 
hParameter was fixed based off kO*-O* obtained from steady state modeling 
 
The data fit of the experimentally obtained propylene synthesis rate is 
shown in Fig. 7.7a). The exponential exchange between surface O* and * sites is 
shown Fig. 7.7b), and the fraction of the total observed dehydrogenation rate 
accounted for by each population of site pairs (O*-O*, O*-*, or *-*) is represented 
within Fig. 7.7c); the introduction of a small fraction of * sites activates 
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dehydrogenation on O*-* site pairs which accounts for the bulk of the observed 
dehydrogenation during the transient period, causing the rate to increase. The 
decay in 𝜃H∗ with time via surface reduction results in an abundance of * sites on 
the surface, the prevalence of dehydrogenation on O*-* site pairs declines, and the 
dehydrogenation rate asymptotically approaches the rate set by the steady state 
dehydrogenation rate on *-* site pairs achieved after the O*-induced transience 
nears completion. 
Taking the time derivative of the rate expression in Equation 7.5, inputting 
the expressions for 𝜃H∗ and 𝜃∗ from Equation 7.7, and using the kx rate parameters 
from the fit of the transient rate data in Figure 7.6 allows for the calculation of the 
local rate maximum as a function of time; this local rate maximum occurs at t = 307 
min, which corresponds to 𝜃H∗= 0.51. This model predicts that the maximum 
dehydrogenation rate will occur when the surface is half oxidized, and this allows 
for dehydrogenation to occur most often over the most active O*-* site pairs.  
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Figure 7.7. Modeling of propane dehydrogenation transience shown in Figure 7.6 
(Transient 1). Fig. 7.7a) shows the model fit, b) shows the interchange between oxidized 
(O*) sites and carbidic (*) sites, and c) shows the fraction of the total observed 
dehydrogenation rate accounted for by each population of site pairs (O*-O*, O*-*, or *-*). 
 
A kinetic model based on similar precepts of changes in O* coverage can 
be used to describe transient reaction rate changes observed upon other reaction 
condition alterations such as the one illustrated in Figure 7.8. Before relative t = 0 
of Figure 7.8, 6.2 kPa H2 and 0.23 kPa CO2 were co-fed with C3H8, and CO2 co-
feed was removed at t = 0. Dehydrogenation rate transiently decreased over the 
course of ~500 min while C-C scission rates to form CH4 concurrently rose and 
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stabilized. Reintroduction of CO2 co-feed at t ~ 1300 min returned reaction rates 
to those observed prior to CO2 removal before relative t = 0. These co-feed induced 
temporal changes demonstrate (i) the severe inhibition of hydrogenolysis caused 
by mild oxidation (0.23 kPa CO2-induced), and (ii) the prolonged but reversible 
transience of both oxycarbidic catalytic dehydrogenation and hydrogenolysis. 
 
 
Figure 7.8. Transient 2: Propane dehydrogenation rates as a function of time after CO2 
co-feed removal. PC3H8 = 5.2 kPa, PH2 = 6.2 kPa, T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total 
flow. PCO2 = 0.23 kPa prior to t = 0, PCO2 = 0 kPa from 0 < t <1300 min, PCO2 = 0.2 kPa 
after t = 1300 min. 
 
We highlight that upon CO2 reintroduction at t = 1300 min, dehydrogenation 
rates are restored on a timescale of ~500 min whereas hydrogenolysis rates are 
suppressed in ~60 min. Introduction of 0.23 kPa CO2 at t = 1300 min is 
quantitatively slow relative to the catalyst loading (8.5 µmolCO2 min-1 vs. 5700 µmol 
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Mobulk). Complete stoichiometric uptake of one O* per CO2 up to a value of one O* 
per Mobulk during the transient after CO2 reintroduction would take ~670 min. This 
gradual O* influx rationalizes the ~500 min timescale for transience in increasing 
dehydrogenation rate. Conversely, hydrogenolysis rates to form CH4 are largely 
suppressed within 60 min of CO2 reintroduction. In a separate experiment, 
dehydrogenation rates were stable under flow of 6.2 kPa H2, PCO2 = 1.1 kPa, and 
PC3H8 = 5.2 kPa; removal of H2 flow resulted in an oxidation-induced 
dehydrogenation transient that stabilized in ~130 min (Fig. D.2). This timescale is 
an upper limit for the rate of oxidation and could be limited by bulk O* diffusion or 
by the turnover of propane molecules adsorbed to carbidic sites. This timescale 
contrasts sharply with the reductive transients of 500 – 2000 min observed in 
Figures 7.6 and 7.8. The rapid suppression of hydrogenolysis rates induced by 
surface oxidation demonstrate the severely deleterious effects of O* on C-C bond 
scission pathways, evinced by >95% dehydrogenation selectivity under C3H8 
reaction conditions lacking H2 co-feed. 
The concurrent gradual increase of hydrogenolysis rates to form CH4 and 
decrease in dehydrogenation rates observed upon CO2 removal at t = 0 can be 
ascribed to gradual surface reduction, and the dehydrogenation rate transient 
observed in Figure 7.8 can be modeled in a similar fashion to that shown in Figure 
7.7. In this case, prior to t = 0, a balance of O* and * sites is presumed to be 
established under H2/CO2 co-feed conditions resulting in an initially oxidized 
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surface fraction, 𝜃H∗A , necessary for solving the site balance as a function of time. 
Using experimental partial pressures and the value of KCO2 obtained from fitting 
steady state dehydrogenation rates in Section 7.3.3 in conjunction with Equation 
7.4 allows for an assessment of 𝜃H∗A  = 0.36, and the dehydrogenation transient 
shown at t = 0 of Figure 7.8 can be modeled with the set of equations in Equation 
7.8. The results of the transient dehydrogenation model fit beyond t = 0 of Figure 
7.8 are shown in Figure 7.9.  
 𝑑𝜃H∗𝑑𝑡 = −𝜃H∗𝜏8 , 𝜃H∗ 4gA = 	𝜃H∗A = 0.36 𝜃H∗ = 𝜃H∗A 𝑒B 4h_	, 𝜃∗ = 1 − 𝜃H∗A 𝑒B 4h_ 
(Eq. 7.8) 
 
The transient data fit is shown in Fig. 7.9a), and Fig. 7.9b) shows the 
exponential exchange between O* and * sites with an initial oxidized surface 
fraction of 𝜃H∗ = 0.36. Fig. 7.9c) demonstrates that the initial majority of 
dehydrogenation events occur on O*-* site pairs even with only a 36% oxidized 
surface with <6% of dehydrogenation events occurring over O*-O* site pairs. The 
kO*-* rate constants obtained from the transient and steady state data fits in Figure 
7.5, Figure 7.7, and Figure 7.9 are shown for comparison in Table 7.1. The near-
equivalence of the values of kO*-* calculated from disparate transient and steady-
state analyses bolsters the credence of the three distinct two-site dehydrogenation 
mechanisms catalyzed by O*-O*, O*-*, and *-* site pairs proposed in Section 7.3.3. 
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It is necessary to analyze the veracity of the temporally exponential 
treatment of catalyst O* removal. As shown in Section D.8, this system does not 
suffer from heat or mass transfer limitations. In the discussion that follows, diffusion 
will refer to O* diffusion within the oxycarbidic crystal lattice. The rate of O* mobility 
within the carbidic lattice and the rate of O* removal from the catalyst surface are 
the two relevant barriers to surface reduction via O* removal; the ratio of these two 
 
Figure 7.9. Modeling of propane dehydrogenation rate changes upon removal of CO2 
co-feed at t = 0 in Fig. 7.8. Fig. 7.9 a) shows the model fit, b) shows the interchange 
between oxidized (O*) sites and carbidic (*) sites, and c) shows the fraction of the total 
observed dehydrogenation rate accounted for by each population of site pairs (O*-O*, 
O*-*, or *-*). 
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rates is summarized by the second Damköhler number 𝐷𝑎++ = KVoDpqrstKurvvwxrst . One 
extreme is characterized by rapid O* surface removal that is inhibited by 
comparatively slow bulk diffusion (DaII >> 1), and the other extreme is 
characterized by rapid bulk diffusion limited by surface-reaction mediated O* 
removal (DaII << 1). 
The limit of DaII >> 1 would imply near instantaneous surface reduction, 
ascribing all observed dehydrogenation rate transience to bulk O* diffusion. This 
would indicate an extended dependence of surface dehydrogenation reactivity due 
entirely to far-reaching electronic effects of the bulk O* composition. The timescale 
of diffusion can be taken as 𝜏 = 𝐿8 𝐷, where L is the relevant length scale, typically 
the catalyst particle radius, and D is the diffusion coefficient of O* within the 
oxycarbidic lattice. A more rigorous solution to Fick’s second law is shown in 
Section D.9 and confirms the relevance of this diffusive timescale. Equating this 
diffusion timescale to the fitted t values would imply that (i) the timescales for 
transience should be independent of the nature of the gas-phase reductant, and 
(ii) dehydrogenation rates on the catalyst surface are affected by electronic effects 
of the oxygen content throughout the entire bulk catalyst structure. The difference 
in t1 and t2 values (reported in Table 1) obtained via C3H8- and H2-induced 
reduction, respectively, implicate the dependence upon the nature of the reductant 
and thereby bring evidence against the prevalence of the DaII >> 1 case, especially 
noting the faster reduction with H2 as a reductant in comparison to C3H8 (t1/t2 = 
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4.5). In the case of DaII >> 1, surface reactivity would be affected by the integral 
over the electronic effects of O* throughout the bulk structure, and any irregularities 
would detract from the ability to model the transient dehydrogenation rates using 
a simple exponential model; the goodness of fit of both transient models using 
exponential functions also implicates the unlikelihood of the DaII >> 1 case. 
In the limit of DaII << 1, surface O* concentrations would be in a constantly 
maintained quasi-equilibrium with bulk O* concentration because of the surface 
reduction reaction bottleneck. For the DaII << 1 case, the surface O* concentration 
would decay exponentially in tandem with the bulk O* concentration, and 𝜃H∗ could 
be effectively modeled as an exponentially decaying function; this exponentially 
decaying model of 𝜃H∗ as a function of time under reductive conditions was used 
to fit the observed transients in Figures 7.7 and 7.9. If this system is characterized 
by DaII << 1, then the time constants extracted from transients should correspond 
to the rate of reduction of the surface. Independent measurements of the timescale 
of surface reduction as measured by H2O formation rates under H2/CO2 flow 
conditions (Section D.9) were shown to be comparable to the reduction time 
constant extracted from modeling shown in Figure 7.9. This analysis implicates 
that that rate-determining timescale in relation to catalytic transience induced by 
reaction condition alteration under the reported experimental conditions is most 
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used as a probe reaction to analyze and track the changes to the catalyst surface 
site density in situ. 
7.3.5 C-C scission pathways 
Significant C-C scission is only observed in the form of prominent product 
selectivity of CH4 and reforming CO upon the addition of H2 co-feed to flows of 
C3H8 and C3H8/CO2, respectively; scission products are almost entirely 
suppressed in absence of H2 co-feed. Figure 7.10 shows rates of formation of C-
C scission products under 5.2 kPa C3H8/25 kPa H2 flow and the effects of 
increasing H2 pressure to 105 kPa. Propane conversion transiently increased from 
<10% with 25 kPa H2 co-feed up to ~100% after ~1000 min exposure to 105 kPa 
H2 pressure, yielding almost entirely CH4 as shown in Figure 7.10 a) and b). Figure 
7.10 c) shows that increased H2 pressure initially yields a higher formation rate of 
C2H6, but the resulting ethane undergoes complete sequential hydrogenolysis to 
form CH4 after the catalyst is exposed to H2 over the course of this ~1000 min 
transient. Figure 7.10 showcases that (i) C-C scission rates exhibit a positive order 
dependence upon H2 pressure with all hydrocarbons eventually undergoing 
complete hydrogenolysis to CH4, and that (ii) changes in the reductive potential of 
the reactive atmosphere instigate lengthy catalytic transients which hamper direct 
investigation of hydrogenolysis kinetics. 
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Figure 7.10. Propane conversion and net formation rates of CH4, C2H4, and C2H6. PC3H8 = 
5.2 kPa, T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow. PH2 = 25 kPa prior to t=0, PH2 = 105 
kPa after t=0. 
 
Alkane hydrogenolysis mechanisms over supported noble metal catalysts 
have been investigated by Flaherty, Bond, and Frennet180–184. Hypothesized 
mechanisms involve a series of quasi-equilibrated hydrogenation/dehydrogenation 
steps, yielding a distribution of dehydrogenated surface alkyl species that undergo 
rate-determining C-C bond scission. Flaherty et al.180,181 investigated ethane and 
higher hydrocarbon hydrogenolysis over Pt, Rh, and Ir catalysts at 593 – 653 K 
both experimentally and computationally, demonstrating *C2H2* to be the relevant 
surface species preceding ethane C-C bond scission at the reported conditions, 
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yet the authors note variations in rate constants of C-C bond scission of different 
C2Hx intermediates, cautioning that the observed rate is the summation of the rates 
of scission of all present C2Hx intermediates with both coverages and rate 
constants being variable functions of reaction conditions.  
Bond and coworkers182,184 thoroughly explicate the nature of alkane 
hydrogenolysis over noble metals, reporting that alkane hydrogenolysis rates 
proceed through a maximum as a function of H2 pressure. Local maxima in ethane 
hydrogenolysis rates over Ni and Pd catalysts was experimentally observed and 
kinetically modeled by Kristyan et al.185,186 at H2 pressures below 100 kPa, 
exhibiting nearly first order dependences upon H2 pressure for typical H2 pressures 
below 40 kPa. Surface alkyl species are dehydrogenated to excess at low H2 
pressures and necessitate addition of H* species to achieve an appreciable 
surface coverage of the active species that can undergo C-C scission, thus 
displaying a positive order dependence upon H2 pressure. At high H2 pressures, 
H* species competitively inhibit the binding of alkanes and over-hydrogenate 
surface alkyls past the species that is most likely to be activated for C-C scission; 
H2 pressures on the order of MPa typically constitute the "high" pressures under 
which negative order dependencies are observed. H2 pressures in this study never 
exceeded 50 kPa, and so positive order dependencies of C-C scission rates upon 
H2 pressures are observed as expected.  
Rates of formation of C-C scission products under H2/CO2 co-feed 
conditions were normalized by H2 pressure due to the positive order H2 
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dependence discussed previously, and H2-normalized rates were plotted against 
the calculated oxidized surface fraction 𝜃H∗ (obtained using Equation 7.4) in Figure 
7.11 to note the effect of surface O* upon hydrogenolysis rates. All hydrogenolysis 
pathways are severely inhibited with increasing surface O* coverage. All C-C 
scission product formation rates are almost entirely suppressed at 𝜃H∗ ~ 0.75. The 
nearly uniform suppression of products formed from C-C bond scission as a 
function of O* implies the necessity of similar site requirements and kinetically 
 
Figure 7.11. PH2-normalized rates of formation of all C-C scission products as a 
function of the oxidized fraction of surface sites, 𝜃H∗. T = 823 K, 0.58 gcat, 1.67 cm3 s-1 
total flow. H2/CO2 co-feed conditions. Data include variations in PC3H8, PH2, and PCO2. 
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relevant steps for cleaving C-C bonds independent of the C3 or C2 active species 
or the subsequent alkyl scavenger (O*, OH*, or H*).  
O*-inhibited hydrogenolysis has been reported by Ribeiro and 
coworkers11,12 and Frennet and coworkers187. Experimentally, we note the lack of 
formation of any product alcohols or ethers. If O* sites were capable of catalyzing 
C-C hydrogenolysis, surface alkoxides would be subsequently formed. Chen and 
coworkers19 reported that the most energetically favorable route of O* removal 
from Mo2C surfaces was the recombination of two OH groups to form and desorb 
H2O; under similar conditions, alkoxides and hydroxyl species should analogously 
recombine to desorb product alcohols and ethers. The lack of alcohol and ether 
formation implicates the inability of O* sites to catalyze C-C bond scission.  
Frennet and Gault188,189 investigated alkane binding and hydrogenolysis 
over noble metals including Pt and Rh, and hypothesized the necessity of 
ensembles of sites for alkane binding and subsequent C-C scission; their models 
predicted ensembles of 8-28 sites necessary in order to bind the alkane to the 
surface. O* binding to the catalyst surface can be hypothesized to evenly litter a 
carbidic surface that is typically active for hydrogenolysis under reductive 
conditions as reported by Schaidle et al.143 by calculating differential O* binding 
energies that decreased from -2 eV to -0.46 eV on a progressively oxidized surface 
using DFT methods. Submonolayer O*-coverage could disproportionately impede 
alkane binding by blocking part of an ensemble of sites necessary for alkane 
binding and subsequent C-C activation steps. These modeling complications 
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currently dissuade the interpretation of one rate expression to model all C-C 
scission events necessary to convert propane under diverse H2/CO2 co-feed 
conditions.  
7.4 Conclusions 
Molybdenum oxycarbidic formulations catalyze both alkane 
dehydrogenation and hydrogenolysis. Functionalities can be tuned via co-feed of 
H2 and/or CO2. Propane dehydrogenation occurs under all conditions while C-C 
scission is induced by H2 and inhibited by O*; C-C scission events favor CH4 
formation in absence of CO2 and preferentially form CO in presence of CO2 co-
feed by reaction of hydrocarbon fragments with O* moieties derived from CO2 
decomposition. The oxycarbide catalyzes the reverse water gas shift reaction to 
equilibrium under conditions of co-fed H2 and CO2, and the equilibrated RWGS 
reaction product ratio PCO2/PCO can be used to calculate the fraction of oxidized 
surface sites, 𝜃H∗. Dehydrogenation can be modeled with a two-site reverse 
Horiuti-Polyani scheme with dehydrogenation events being catalyzed by three 
distinct site pairs: oxidized O*-O* site pairs, carbidic *-* site pairs, and cooperative 
O*-* site pairs. Dehydrogenation catalyzed by O*-* site pairs results in the highest 
observed rates of dehydrogenation.  
Transient and steady state kinetic modeling can be used in conjunction to 
corroborate the model of distinct site pairs as dehydrogenation active sites, and 
dehydrogenation rate constants can be calculated from both transient and steady 
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state models. Catalyst surface oxidation of oxophilic carbides proceeds rapidly in 
presence of CO2, and surface reduction proceeds much more slowly and is limited 
by rate of removal of O* from the catalyst surface. Occlusion of O* and rapid bulk 
O* diffusion relative to the rate of O*-removal via surface reduction allows for a 
direct comparison between rates of surface reduction and time constants extracted 
from observed dehydrogenation transients. Presence of H2 co-feed leads to C-C 
scission, and O* is hypothesized to inhibit hydrogenolysis pathways that are 
dependent upon ensembles of sites to accommodate dehydrogenated alkyl 
intermediates that precede C-C scission. Continued formation of C-C scission 
products necessitates the presence of H*; excess H* leads to formation of primarily 
CH4, whereas excess O* in presence of H* leads primarily to reforming of propane 
to form CO. 
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CHAPTER  
EIGHT 
8. FUTURE DIRECTIONS 
 
8.1 Biomass hydrodeoxygenation  
This dissertation primarily discusses hydrodeoxygenation of alcohol and 
carbonyl functionalities in biomass-derived feedstock. The discussion in chapter 
six demonstrated the metallic/acidic bifunctional nature of oxygen-modified 
molybdenum carbidic catalysts evinced by metallic hydrogenation of C=O bonds 
and sequential acidic C-OH dehydration. Work reported previously in our group 
demonstrated the metal-catalyzed HDO via hydrogenolysis of the aromatic C-O 
bond in anisole as well as the aldehyde group of furfural27,78,79. Hydrogenolysis 
pathway studies were performed using oxygenated model compounds that lack b-
hydrogen atoms relative to the oxygen functionality under reaction conditions 
similar to those previously reported to catalyze bifunctional pathways (~423 K, 
atmospheric pressure, ~1 kPa oxygenate). A study on the prevalence of 
hydrogenolysis- vs. dehydration-mediated deoxygenation using functionally similar 
compounds with or without b-hydrogen atoms (e.g. benzaldehyde vs. 
acetophenone) would allow for the quantification of these two possible distinct 
deoxygenation mechanisms on the same probe molecule and on an identical 
catalyst surface.  
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8.2 Acidic properties of oxycarbidic catalysts 
Chapters three, four, and five provided a basis for quantifying the similarities 
and differences between the acidic properties of oxygen-modified carbides and 
activated molybdenum oxides by using isopropanol dehydration kinetic 
parameters and in situ DTBP titration-derived turnover frequencies. The possible 
prevalence of a non-negligible population of Lewis acid sites requires investigation; 
in situ titration experiments using alkyl amines on both activated oxides and 
oxygen-modified carbides could possibly aid in identifying and quantifying the 
presence of Lewis acidic sites190. The kinetic measurements and titrations used in 
these chapters could also be used to compare acidic properties across other 
transition metal oxides. 
8.3 Alkane oxidative dehydrogenation 
Propane dehydrogenation as a probe reaction (as discussed in chapter 
seven) could be used to quantify differences in induction periods upon reactant 
introduction or to model the nature of the catalyst surface immediately upon 
reactant introduction. Differences in timescales extracted from transient modeling 
can be explored as a function of both the nature or the partial pressure of the 
reductant or oxidant, and these timescales can be investigated with respect to solid 
state diffusion or surface reaction rates. Bulk occlusion and emission of C*, O*, 
and H* can also be studied as a function of both reaction conditions and initially 
synthesized catalyst structure, and the stability of bulk catalyst structures upon 
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exposure to varied reactant atmospheres could be probed with post-reaction ex 
situ XRD measurements. The effects of reaction conditions on bulk structure and 
catalytic transience between freshly-synthesized carbides as well as passivated-
activated carbides could also be explored. The effects of O* source upon oxidation 
should also be investigated; work in the Bhan group has previously shown the 
variations in oxidizing potential of O2 >> H2O ~ CO2 under biomass HDO 
conditions191. The effects of varying oxidizing potential upon the extent of surface 
oxidation could be investigated as a function of different representative biomass 
probe molecules or as a function of oxidation state, particularly to see if the effects 
of peroxides (O-1 oxidation state) are intermediate to those of O2 and. H2O/CO2 
(O0 vs. O-2). 
8.4 Alkane C-C scission on oxygen-modified Mo2C 
As is discussed in chapter seven, appreciable formation rates of propane 
C-C scission products (CH4, C2H4, C2H6, and reforming CO) are only observed in 
presence of H2 co-feed, and rates of formation of C-C scission products generally 
increased with increasing H2 pressure. This can be understood by a 
hydrogenolysis mechanism gated by a rate-determining C-C cleavage step and 
preceded by a quasi-equilibrated sequence of dehydrogenation steps as 
discussed in chapter seven. Scavenging of the resulting propane-derived C1 and 
C2 alkyl fragments from the catalyst surface is generally considered kinetically 
irrelevant180,185.  
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With this model in mind, C3H8/H2/CO2 reactions over Mo2C that form a slew 
of C-C scission products (CH4, C2H4, C2H6, and reforming CO) could hypothetically 
all be controlled by a very similar rate-determining C-C scission step. After C-C 
hydrogenolysis, the resulting alkyl fragments can be removed by (i) H* addition to 
form saturated alkanes (CH4 or C2H6), (ii) alkene desorption or hydride transfer of 
a C2* intermediate to desorb as ethylene, or (iii) scavenging by an O*-derived 
species to form CO. The reforming mechanism to form CO would most likely be 
mediated by H*-assisted C-O formation, i.e. the reverse of the C=O bond scission 
mechanisms proposed by Iglesia and coworkers192,193, characterized by CH* + 
OH* species preceding C-O bond formation or cleavage as opposed to direct C*-
O* coupling.  
The subsequent product desorption rates from the catalyst surface could be 
modeled using a pseudo-steady state balance on alkyl surface fragments in 
conjunction with the concentration of surface scavengers (H*, OH*); the 
combinatorial complexities of this C3, C2, and C1 system invite the use of 
ethylene/ethane for the study of C-C scission rates over Mo2C for a reduced 
product spectrum and better hopes of quantitative analysis. A representative 
redacted hypothesized C2H6 hydrogenolysis reaction mechanism and subsequent 
C1* pseudo-steady state species balance are shown below in Scheme 8.1 and 
Equation 8.1: 
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Scheme 8.1. Hypothesized and redacted and C2H6 conversion pathways over O*-Mo2C 
in presence of CO2/H2 co-feed. B is a C-C bond splitting agent (possibly *, H*, or H2). 
 𝑑[∗ 𝐶𝐻8]𝑑𝑡 = 2𝑘O87| ∗ 𝐶8𝐻| ∗ [𝐵] − 𝑘O7| ∗ 𝐶𝐻8 [𝐻 ∗]8 − 𝑘OH ∗ 𝐶𝐻8 [𝑂𝐻 ∗] ≈ 0 
 ∗ 𝐶𝐻8 = 2𝑘O87| ∗ 𝐶8𝐻| ∗ [𝐵]𝑘O7|[𝐻 ∗]8 + 𝑘OH[𝑂𝐻 ∗] (Eq. 8.1) 
 
This scheme is redacted in that complications involving multiple *CHx 
species for most reaction steps as well as the unknown nature of the C-C bond 
splitting agent (*, H*, or H2) are not specified here; these additional possibilities 
add to the potential number of terms in the pseudo-steady state expression in 
Equation 8.1. C-C splitting by H2 in Eley-Rideal fashion would result in a greater 
H2 pressure dependence than splitting by an empty site. Both CH4 and CO should 
be directly preceded by a C1 surface species. The relative rates of CO and CH4 
formation could influence the apparent reaction rate dependence upon H2 
pressure; in the case where most C1 fragments are scavenged as CO, CH4 
formation rates would exhibit a higher H2 pressure dependence than in the 
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absence of O*-induced CO formation routes, i.e. in presence or in absence of CO2 
co-feed.  
Extending this analysis to the previously studied propane conversion 
reactions in chapter seven, we would expect a similar H2 pressure dependence for 
the rate of formation of alkanes (CH4 and C2H6) and a weaker H2 pressure 
dependence for alkene (C2H4) formation rates in comparison to alkane synthesis 
rates. These effects, in conjunction with the ensemble model of hydrogenolysis 
proposed by Frennet and Gault188,189 and discussed in chapter seven, were used 
to postulate a four-site ensemble hydrogenolysis mechanism followed by alkyl 
scavenging dependent upon H2 pressure. The four-site ensemble model can be 
justified on two accounts: (i) Flaherty et al.181 reported that the *CHCH* species 
was most active surface species enabling C2H6 hydrogenolysis over Ir catalysts, 
necessitating four total Ir-C sigma bonds to maintain sp3 hybridized carbons, and 
(ii) Frennet and coworkers188 hypothesized that dehydrogenated alkyl species 
preceding rate-determining C-C scission would occupy z-w sites, where z is the 
number of sites necessary for alkane binding (~8) and w has a smaller value than 
z. 
The rate expressions used are shown below in Equation 8.2, and the model 
fits for net formation rates of C-C scission products measured during experiments 
reported in chapter seven are shown in Figure 8.1. Rate modeling was only 
performed on net formation rates of CH4, C2H4, and reforming CO; CH4 and C2H6 
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rates scaled almost linearly with each other under all conditions as is shown in 
Figure 8.2. 
 𝑟O7|𝑃O`7b = 𝑘O7|𝑃781 + 𝐾O`7b𝑃O`7b + 𝐾78)/8𝑃78)/8 + 𝐾OH8 𝑃OH8𝑃OH | 𝑟O87|𝑃O`7b = 𝑘O87|𝑃78)/81 + 𝐾O`7b𝑃O`7b + 𝐾78)/8𝑃78)/8 + 𝐾OH8 𝑃OH8𝑃OH | 𝑟E3J	OH𝑃O`7b = 𝑘OH𝑃78)/81 + 𝐾O`7b𝑃O`7b + 𝐾78)/8𝑃78)/8 + 𝐾OH8 𝑃OH8𝑃OH | 
(Eq. 8.2) 
 
Figure 8.1. Parity plots of C-C scission products using Equation 8.2. Experimental 
conditions involved C3H8 only, C3H8/CO2, and C3H8/CO2/H2 flow. Hypothesized rate 
expression is shown in Equations 7.6. T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow. Co-feed 
conditions of (i) no co-feed, (ii) CO2 co-feed, or (iii) H2/CO2 co-feed. Pressure ranges of 
0.52 < PC3H8 < 10.5 kPa, 3 < PH2 < 49.5 kPa, and 0.54 < PCO2 < 8.7 kPa. Conversion ranged 
from 0.2% to 12.8% while typically < 5%. 
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Figure 8.2. Net formation rates of C2H6 vs. CH4. Experimental conditions involved C3H8 
only, C3H8/CO2, and C3H8/CO2/H2 flow. Hypothesized rate expression is shown in 
Equations 7.6. T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow. Co-feed conditions of (i) no co-
feed, (ii) CO2 co-feed, or (iii) H2/CO2 co-feed. Pressure ranges of 0.52 < PC3H8 < 10.5 kPa, 
3 < PH2 < 49.5 kPa, and 0.54 < PCO2 < 8.7 kPa. Conversion ranged from 0.2% to 12.8% 
while typically < 5%. 
 
 
Hypothesized expressions for the synthesis rates of C-C scission products 
shown in Equation 8.2 coincide with concepts related to C-C scission discussed 
above, namely (i) hydrogenolysis occurs with a positive order dependence upon 
H2 pressure due to low H* coverage, (ii) an ensemble of four sites was shown to 
best fit the data reported under these conditions, and (iii) alkane formation rates 
have a greater dependence upon H2 pressure in comparison to alkene or reforming 
rates. These rate models are not directly derived from mechanisms and so should 
be treated with caution; further kinetic modeling work is needed to directly derive 
C-C scission rate expressions from a complete mechanistic picture.  
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The difference in denominator terms between dehydrogenation (Equation 
7.6) and C-C scission (Equation 8.2) shows that the dehydrogenation rate can be 
adequately modeled without competitive adsorption of H* or C* intermediates on 
active dehydrogenation sites, whereas C-C scission rate model fits were 
significantly worse without inclusion of these surface species. These differences 
introduce ideas of either independent kinetically active sites and/or overlapping 
site pools for dehydrogenation and C-C scission reactions. For example, the 
surface inhibition of dehydrogenation rates by C* intermediates under pure C3H8 
flow conditions can be imagined by severe carbidic * site inhibition, decreasing the 
total number of active sites, effectively reducing the observed value of k*-* reported 
in chapter seven, but the site density change would not affect measured reaction 
kinetics. Dehydrogenation reactions to form propylene that do not necessitate 
forming deeply dehydrogenated surface intermediates are not affected as strongly 
by the alkyl surface coverage. Conversely, all C-C scission products are directly 
preceded by dehydrogenated surface alkyls as proposed by Flaherty et al.180, 
implying the need for an inhibitive C* term in the rate expression. The most 
significantly underpredicted C2H4 rates in Figure 8.1 are those at the highest 
concurrent C3H8 and H2 pressures. Under these higher H2 co-feed pressures, more 
abundant surface H* would be able to more efficiently remove surface alkyl 
species, decreasing the effect of C* inhibition relative to the same alkane feed 
pressure at a lower H2 co-feed pressure; this highlights the deficiency of modeling 
all inhibitive surface alkyl species with one single term (KC3H8P C3H8). 
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As shown in Figure 8.2, CH4 rates scale identically with C2H6 rates. 
Reforming CO rates and C2H4 rates scale similarly, and these rates are a slightly 
weaker function of H2 pressure. The linear relationship between CH4 and C2H6 
rates can be rationalized in terms of both rates being limited by the same kinetically 
relevant step, namely surface mediated C-C scission. The slightly higher H2 
pressure dependence of CH4 and C2H6 rates relative to reforming and C2H4 rates 
can be rationalized in terms of the pseudo-steady state hypothesis shown in 
Equation 8.1. After rate-determining C-C scission, surface alkyl groups in presence 
of excess H* can recombine to form saturated C1 and C2 species, whereas alkyl 
fragments on a H*-deficient/O*-rich surface can be liberated by either 
dehydrogenation/hydride shifts to form unsaturated C2H4 or combination with 
surface O* to form CO. The necessity of H* to cleave C-C bonds, mediate C-O 
bond formation, and facilitate liberation of carbidic active site turnover via H*- 
induced product desorption all imply that alkane reactions in absence of H* would 
result in a formation of persistent surface alkyl fragments that are unable to desorb, 
explaining the lack of observed C-C scission products in absence of H2 co-feed.  
The hypothesized C-C scission pathway is also dependent upon much 
faster dehydrogenation rates in comparison to C-C scission rates. This 
necessitates the study of alkene vs. alkane hydrogenolysis rates and the possibility 
of a sequential dehydrogenation/hydrogenolysis pathway. Chapter seven 
discusses dehydrogenation rates independently of C-C scission rates. Under no 
co-feed or pure CO2 co-feed conditions, this analysis is valid because of >95% 
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selectivity towards alkene formation. Under H2 or H2/CO2 co-feed, C-C scission 
product selectivity can be as large as 80%. Assuming an entirely sequential 
pathway allows for the calculation of the hypothetical dehydrogenation rate as the 
total carbon conversion rate divided by three 𝑟O`7a,QL3: = )` 3𝑟O`7a + 2𝑟O87a +
2𝑟O87| + 𝑟O7| + 𝑟E3J5KLM6N	OH . The hypothetical dehydrogenation rate model still 
fits well with the proposed model in Equation 7.6 as is shown in Figure 8.3. While 
this data fit to the sequential dehydrogenation/hydrogenolysis pathway does fit the 
 
Figure 8.3. Parity plot of the net carbon conversion rate divided by three which would 
be equal to the actual propane dehydrogenation rate if all C-C scission products were 
directly derived from C3H6 hydrogenolysis. Experimental conditions involved C3H8 only, 
C3H8/CO2, and C3H8/CO2/H2 flow. Hypothesized rate expression is shown in Equation 
7.6. T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow. Co-feed conditions of (i) no co-feed, (ii) 
CO2 co-feed, or (iii) H2/CO2 co-feed. Pressure ranges of 0.52 < PC3H8 < 10.5 kPa, 3 < 
PH2 < 49.5 kPa, and 0.54 < PCO2 < 8.7 kPa. Conversion ranged from 0.2% to 12.8% 
while typically < 5%. 
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data well, it was not used for analysis in chapter seven because (i) 
dehydrogenation products dominate carbon selectivity under most conditions, and 
(ii) there is a large amount of error in quantifying the rate of reforming CO as is 
discussed in Section 7.3.1, and the majority of the error shown in Figure 8.1 is due 
to the inherent error in quantifying reforming CO. 
These results implicate the possibility of a sequential 
dehydrogenation/hydrogenolysis pathway that should be explored extensively with 
regards to C2/CO2/H2 reactions over Mo2C. This work as a whole encourages the 
study of hydrocarbon hydrogenolysis over oxygen-modified molybdenum carbide 
using the framework of O* quantification developed in chapter seven. 
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APPENDIX A 
 
A. SUPPORTING INFORMATION FOR CHAPTER THREE 
A.1 Catalyst synthesis and characterization 
 
 
  
Figure A.1. Temperature profile and effluent H2O monitoring via online MS (m/z = 18) 
during Mo2C synthesis. A sample of ~0.6 g ammonium paramolybdate was loaded and a 
total flow of 3.0 cm3 s-1 15% CH4/H2 was employed.  
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Figure A.2. Typical N2 physisorption isotherm of a passivated Mo2C sample.  
  
 219 
 
 
Figure A.3. Reference X-ray diffractograms of orthorhombic Mo2C (JCPDS PDF # 01-
072-1683) and hexagonal Mo2C (JCPDS PDF # 00-035-0787). 
 
Figure A.4. X-ray photoelectron spectrum of Mo 3d region of passivated Mo2C.  
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A.2 O2 induction period over Mo2C and IPA dehydrogenation approach to 
equilibrium 
 
 
 
 
Scheme A.1. IPA dehydrogenation reaction 
 
 
 𝜂 = 𝑃-234563𝑃7_𝑃+,-𝐾39:  (Eq. A.1) 
   
η is the approach to equilibrium for IPA dehydrogenation, PAcetone, PH2, and PIPA 
are outlet pressures of acetone, H2, and IPA, respectively, in bar. KDehyd is the 
equilibrium constant of IPA dehydrogenation calculated at 415 K and with respect 
to a one bar standard state. H2 outlet pressure was assumed to be equal to outlet 
acetone pressure. A reaction that has reached equilibrium will exhibit η = 1. 
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Figure A.5. Induction period of O2 treatment of freshly synthesized Mo2C catalyst with 
slow O2 introduction; PO2 = 0.07 kPa from 0-200 min TOS, slowly increased to 0.34 kPa 
by TOS = 300. T = 415 K, 0.29 gcat, P = 114 kPa, PIPA = 1.05 kPa, PCH4 = 4 kPa (internal 
standard), balance He. Space velocity of 6.9 cm3 s-1 gcat-1. η is the approach to equilibrium 
for IPA dehydrogenation as defined in Eq. A.1. 
 
 
This estimation of η implies that acetone is dehydrogenated to acetone in 
excess beyond equilibrium (η~1.25) at early times-on-stream. This can be 
explained by (i) a positive H2 gradient down the length of the bed in conjunction 
with local H2 concentration dispersion, providing an excess driving force for further 
IPA dehydrogenation, or (ii) H2 produced from IPA dehydrogenation was depleted 
via other reaction pathways, meaning H2 concentrations at the reactor exit could 
be lower than estimated, decreasing the calculated value of η. 
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A.3 IPA dehydration rates with time-on-stream and space velocity 
variation  
 
Figure A.6. Product synthesis rates as a function of time on stream. T = 415 K, 0.015 gcat, 
P = 124 kPa, PIPA = 0.48 kPa, PO2 = 6.2 kPa, PCH4 = 4 kPa (internal standard), balance He. 
Space velocity of 133 cm3 s-1 gcat-1.  
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Figure A.7. IPA conversion as calculated by IPA bypass as a function of inverse space 
velocity, where w is mass of catalyst in g, and v0 is total volumetric flow rate in cm3 s-1. T 
= 415 K, 0.016 gcat, P = 114 kPa, PIPA = 0.48 kPa, PO2 = 13 kPa, PCH4 = 4 kPa (internal 
standard), balance He. 
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Figure A.8. Propylene synthesis rate as a function of IPA conversion. T = 415 K, 0.016 
gcat, P = 114 kPa, PIPA = 0.48 kPa, PO2 = 13 kPa, PCH4 = 4 kPa (internal standard), balance 
He. 
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A.4 DTBP titration un-titrated rate 
 
 
Figure A.9. Un-titrated rate (as shown in Figure 3.6) as a percent of steady state 
propylene production rate plotted as a function of steady-state propylene production rate. 
T = 415 K, 0.29 gcat, P = 114 kPa, PIPA = 1.05 kPa, PCH4 = 4 kPa (internal standard), balance 
He. Space velocity of 6.9 cm3 s-1 gcat-1. 
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A.5 Heat and mass transfer calculations 
Mears’ criteria can be used to estimate the existence or negligibility of 
external heat and external mass transfer calculations when measuring reaction 
rates. External mass transfer limitations can be neglected if the following inequality 
is satisfied194: 
 
 
𝑟5𝜌𝑅𝑛𝑘2𝐶 < 0.15 (Eq. A.2) 
   
Where robs is the observed rate of reaction in kmol kgcat-1 s-1, ρb is the catalyst bed 
density in kg m-3 (ρb = (1-ϕ)ρc where ϕ is the bed void fraction and ρc is the density 
of the catalyst, reported to be 760 kg m-3), R is the catalyst particle radius in m, n 
is the reactant reaction rate order, kc is the external mass transfer coefficient in m 
s-1, and Cb is the reactant bulk concentration in kmol m-3.  
This criterion is the result of expanding a reaction rate expression of the 
form r = kCn with a Taylor series expansion about Cb and including the first two 
nonzero terms, assuming a spherical catalyst particle and calculating the criterion 
for the reaction rate to remain with 95% of a system entirely at bulk concentration 
Cb.  
 In a similar manner, assuming a spherical particle and an Arrhenius 
expression for the rate of reaction, the reaction rate can be expanded about T0, 
the bulk reaction vessel temperature, using a Taylor series and the first two 
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nonzero terms. Using this expansion and setting equal the steady state energy 
production and convection terms, the criterion for which the reaction rate remains 
within 5% of the isothermal case can be solved for, and the criterion is as follows195: 
 
 
Δ𝐻 𝑟5𝑅𝐸𝜌ℎ𝑅N𝑇A8 < 0.15 (Eq. A.3) 
   
where ΔH is the enthalpy of reaction in kJ kmol-1, Ea is the reaction activation 
energy in kJ kmol-1, h is the external heat transfer coefficient in kW m-2 K-1, Rg is 
the gas constant (8.314 kJ kmol-1 K-1), and T0 is the reaction vessel temperature 
(415 K).  
Table A.1. Tabulation of parameters for the calculation of Mears’ criteria for the absence 
of external heat and mass transfer limitations for IPA dehydration at 415 K over O*-Mo2C.  
 
Parameter Value 
robs (kmol kgcat-1 s-1) 1x10-6 (Highest observed) 
ρb (kgcat m-3) 532 (ρc = 760, assumed ϕ = 0.3) 
R (m) 1.5x10-4 (based off of average mesh 
size of 400-177 μm) 
kc (m s-1)a 1.21x10-2 
Cb (kmol m-3)b 1.45x10-4 (0.5 kPa IPA at 114 kPa) 
n 0 
ΔH (IPA -> Propylene + H2O) 
/ (kJ kmol-1) 
51200 
Ea (kJ kmol-1) 95000 
h (kW m-2 K-1)b 1.47 
Mears’ criterion (Mass) 0 (4.54x10-2 if assumed n = 1) 
Mears’ criterion (Heat) 1.75x10-3 
a Estimated assuming Sh (Sherwood Number) =  kc(2R)/D = 2 because Re (Reynolds Number) = 
ρU(2R)/μ << 1, where ρ = bulk gas density (Assumed to be Ar at 415 K, ρ = 1.173 kg m-3), U = 
superficial velocity (total volumetric flow rate (2.85 cm3 s-1) divided by reaction cross sectional area: 
tube diameter of 0.01 m: U = 3.63x10-2 m s-1), and μ = gas viscosity (estimated as Ar viscosity at 
415 K = 2.95x10-5 Pa s). D is gas phase diffusivity, estimated using Chapman-Enskog theory of 
diffusivity for IPA in Ar at 415 K (1.82x10-6 m2 s-1).  
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b Estimated by again using Re << 1, so Nu (Nusselt number) = h(2R)/kt, =2, where kt is the thermal 
conductivity of the reactant fluid, assumed to be Ar at 415 K, kt = 2.32x10-5 kW m-2 K-1. 
 
 Internal mass transfer limitations were investigated using the Weisz-Prater 
criterion, which calculates the ratio of the observed rate of reaction to the rate of 
diffusion: 
 
 𝐶Z, = 𝜂𝜙8 = 𝑟5𝜌2𝑅8𝐷3𝐶-  (Eq. A.4) 
   
where η is the dimensionless effectiveness factor, ϕ2 is the dimensionless Thiele 
modulus, De is the effective diffusivity in m2 s-1 (De = Dεδ/τ, where ε is the porosity, 
δ is the constrictivity, and τ is the tortuosity, assumed to be average values of 0.35, 
0.8, and 6, respectively), and CAs is the reactant surface concentration in kmol m-
3, which will equal Cb because Mears’ criterion showed that there were no external 
mass transfer limitations. Here, R is the average crystallite size in m, estimated as 
1x10-6 m from TEM analysis. 
If internal mass transfer limitations are negligible, then η≈1 and ϕ2<<1. If we 
assume that η = 1 and then solve for ϕ2, mass transfer limitations will be negligible 
if in fact ϕ2<<1. 
 
Table A.2. Tabulation of parameters for the calculation of the Weisz-Prater 
criterion for the absence of internal mass transfer limitations for IPA dehydration 
at 415 K over O*-Mo2C.  
 
Parameter Value 
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robs (kmol kgcat-1 s-1) 1x10-6 
ρc (kgcat m-3) 760 
R (m) 1 x10-6 
CAs (kmol m-3) 1.45x10-4 (0.5 kPa IPA at 114 kPa) 
De (m2 s-1)a 
8.49x10-8 (assumed ε=0.35, δ=0.8, 
τ=6) 
Calculated Weisz-Prater criterion 
(ηϕ2) 6.18x10
-5 
aKnudsen diffusivity was not used because Knudsen number =  kbT/( 2𝜋𝑑8𝑝𝐿) = 0.022. For this 
calculation, d is the collision diameter of IPA from Chapman-Enskog theory (4.55 Å), p is 
atmospheric pressue, and L is the average pore diameter. The average pore diameter was 
estimated to be 1x10-8 m from BJH theory of N2 physisorption isotherms.  
 
We can also calculate a Biot number to show the lack of internal heat 
transfer resistances. Bi = h(2R)/ktc, where ktc is the thermal conductivity of the 
catalyst pellet. Thermal conductivity of Mo and C are both 0.14 kW m-1 K-1, so this 
value was assumed for kc of Mo2C. Thus, Bi = 3.17x10-3, showing internal heat 
transfer limitations are dwarfed compared to external heat transfer limitations. 
These calculations show that the reaction rate is the limiting factor in these kinetic 
studies. 
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A.6 Kinetic isotope effect calculations 
The calculation of a primary kinetic isotope effect for IPA dehydration at 415 
K assuming that a C-H bond scission is the kinetically relevant step is reported 
below. For a simple approximation of the kinetic isotope effect, we assume the 
validity of transition state theory, and the reaction rate constant can be 
approximated by 
 𝑘 = 	𝑘𝑇ℎ 𝑒B[‡EF  (Eq. A.5) 
   
where k is the reaction rate constant, kb is Boltzmann’s constant, T is the reaction 
temperature, h is Planck’s constant, 𝛥𝐺‡ is the change in free energy between the 
reactants and the transition state, and R is the ideal gas constant.  
We then assume that the C-X (X = H, D) bond is completely severed in the 
transition state. The difference between the free energy of the products and the 
free energy of the reactants is entirely due to the energy of the vibrational 
frequency of the bond being severed, assuming no other adjacent isotopic bonds 
vary significantly over the course of the reaction.  
We can define the KIE as the ratio of the reaction rate constant of the C-H 
bond scission to the rate constant of the C-D bond scission as follows: 
 
 𝐾𝐼𝐸 = 𝑘7𝑘 = 𝑒∆∆[‡EF  (Eq. A.6) 
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where kH is the reaction rate constant for the C-H bond scission, kD is the reaction 
rate constant for the C-D bond scission, and 𝛥𝛥𝐺‡ is the difference between the 
change in free energies for the C-H bond scission and the C-D bond scission, 
defined as  
 
 𝛥𝛥𝐺‡ = 𝛥𝐺OB‡ − 𝛥𝐺OB7‡ (Eq. A.7) 
   𝛥𝛥𝐺‡ is entirely due to the difference in energy of the C-H bond and the C-D bond, 
and can be calculated as follow: 
 
 𝛥𝛥𝐺‡ = 12ℎ 𝜈 𝐶 − 𝐻 − 𝜈 𝐶 − 𝐷  (Eq. A.8) 
 
where 𝜈 𝐶 − 𝑋  is the vibrational frequency of the C-X bond. This estimate 
provides an upper bound of the kinetic isotope effect due to the assumption that 
the C-X bond is completely severed in the transition state. Any remaining C-X bond 
character at the transition state will serve to reduce the magnitude of 𝛥𝛥𝐺‡, 
therefore decreasing KIE.  
We then assume that the C-X bond can be represented as a simple 
harmonic oscillator with a spring constant, ks. Its vibrational frequency can be 
calculated as follows: 
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 𝜈 𝐶 − 𝑋 = 12𝜋 𝑘𝜇OB (Eq. A.9) 
 
where νC-X is the vibrational frequency of the C-X bond, ks is the spring constant of 
the vibration, and μC-X is the reduced mass of the C-X bond. μC-X can be calculated 
as follows: 
 
 𝜇OB = 𝑚O𝑚𝑚2 − 𝑚 (Eq. A.10) 
 
where mi is the molar mass of element i. Typical 𝜈 𝐶 − 𝐻  values are on the order 
of (2900 cm-1)(3x108 m s-1). We can use this to estimate 𝜈 𝐶 − 𝐷  if we assume 
that the spring constant of the C-X bond, ks, is indeed a constant. Solving for ks, 
writing an equation for both the C-H and C-D bonds, equating, and rearranging 
yields the following: 
 
 𝜈 𝐶 − 𝐷 = 𝜈 𝐶 − 𝐻 𝜇OB7𝜇OB (Eq. A.11) 
 
The theoretical KIE for C-H vs. C-D bond scission at 415 K was calculated 
using all of the previous formulae as follows: 
 
 233 
𝐾𝐼𝐸 = 𝑒  OB7 B OB  8EF  
 
= 𝑒 OB7 )B ¡)`8¢£F  
 
= 𝑒 a.a8a3B`|	¤∙ `3b	L	¦i 8§AAAA	L¦i )B ¡)`8 ).`b3B8`	¤∙U¦i |)¨	U  
 = 3.818 
 
The value reported above provides an upper bound for the C-H bond 
scission KIE at 415 K. Any retention of C-X bond character in the transition state 
would diminish the observed KIE. This means the observed KIE of 1.86 most likely 
corresponds to C-H bond scission as the kinetically relevant step of IPA 
dehydration over oxygen modified Mo2C.  
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APPENDIX B 
 
B. SUPPORTING INFORMATION FOR CHAPTER FOUR 
B.1 ICP-OES 
The mass fraction of molybdenum in the α-Mo2C samples was analyzed on 
a Thermo Scientific iCAP 6500 duo optical emission spectrometer (serial no. 
20083410) fitted with a simultaneous charge induction detector. The system has 
separate slit openings for the low wavelengths < 232 nm and for those greater. 
Elemental emissions can be viewed axially, down the barrel of the plasma for 
optimum sensitivity, or radially, across the plasma for maximum linear range and 
reduced matrix effects. All elements were measured on the most appropriate 
wavelength that is determined by the estimated composition, need for sensitivity, 
and the avoidance of element spectral overlaps. For each sample, standard, and 
blank, the data collection was replicated five times to determine a mean and 
standard deviation for each selected elemental wavelength. Calibration was 
accomplished by comparing a NIST traceable single or multi-element standard 
solution to the unknowns. All blanks, standards, and samples were acid matrix 
matched to lessen matrix effects and were diluted such that element 
concentrations were in the linear working range of the standard and detector 
combination. Calibration blocks consisted of a blank, standard(s), and up to 5-8 
unknown samples. The internal standard element yttrium was added to diluted 
samples to further compensate for drift and for matrix effects when widely varying 
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major element concentrations were expected. On each day, before acquiring data, 
the spectrometer was checked for accuracy by looking at all the element detector 
array results for the elements to be analyzed to insure optimum peak and 
background selection. All blanks, standards, and samples were in aqueous 
solution and were atomized and introduced to the instrument by a free aspiration 
or peristaltic pump rate of approximately 1 cm3 min-1 into a standard Meinhard 
concentric nebulizer. The probe and all sample introduction tubing are made of 
Teflon and were flushed for a minimum time of 45 seconds with clean matrix acid 
to prevent carryover between samples. 
B.2 Heat and mass transfer calculations 
Mears’ criteria can be used to estimate the existence or negligibility of 
external heat and external mass transfer calculations when measuring reaction 
rates. External mass transfer limitations can be neglected if the following inequality 
is satisfied194:  
 
𝑟5𝜌𝑅𝑛𝑘2𝐶 < 0.15 (Eq. B.1) 
   
Where robs is the observed rate of reaction in kmol kgcat-1 s-1, ρb is the catalyst bed 
density in kg m-3 (ρb = (1-ϕ)ρc where ϕ is the bed void fraction and ρc is the density 
of the catalyst, reported to be 760 kg m-3)140, R is the catalyst particle radius in m, 
n is the reactant reaction rate order, kc is the external mass transfer coefficient in 
m s-1, and Cb is the reactant bulk concentration in kmol m-3.  
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This criterion is the result of expanding a reaction rate expression of the 
form r = kCn with a Taylor series expansion about Cb and including the first two 
nonzero terms, assuming a spherical catalyst particle and calculating the criterion 
for the reaction rate to remain with 95% of a system entirely at bulk concentration 
Cb.  
 In a similar manner, assuming a spherical particle and an Arrhenius 
expression for the rate of reaction, the reaction rate can be expanded about T0, 
the bulk reaction vessel temperature, using a Taylor series and the first two 
nonzero terms. Using this expansion and setting equal the steady state energy 
production and convection terms, the criterion for which the reaction rate remains 
within 5% of the isothermal case can be solved for, and the criterion is as follows195:  
 
Δ𝐻 𝑟5𝑅𝐸𝜌ℎ𝑅N𝑇A8 < 0.15 (Eq. B.2) 
   
where ΔH is the enthalpy of reaction in kJ kmol-1, Ea is the reaction activation 
energy in kJ kmol-1, h is the external heat transfer coefficient in kW m-2 K-1, Rg is 
the gas constant (8.314 kJ kmol-1 K-1), and T0 is the reaction vessel temperature 
(415 K). Table S.1 tabulates the relevant parameters and heat and mass criterion. 
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Table B.1. Tabulation of parameters for the calculation of Mears’s criteria for the absence 
of external heat and mass transfer limitations for IPA dehydration at 415 K over transition 
metal carbide catalysts.  
 
Parameter Value 
robs (kmol kgcat-1 s-1) 2x10-6 (Highest observed rate) 
ρb (kgcat m-3) 532 (ρc = 760, assumed ϕ = 0.3) 
R (m) 1.5x10-4 (based off of average mesh 
size of 400-177 μm) 
kc (m s-1)a 0.012 
Cb (kmol m-3)b 1.45x10-4 (0.5 kPa IPA at 110 kPa) 
n 0 
ΔH (IPA -> Propylene + H2O)  
/ (kJ kmol-1) 
51200 
Ea (kJ kmol-1) 100000 
h (kW m-2 K-1)b 0.155 
Mears’ criterion (Mass) 0 (9.08x10-2 if assumed n = 1) 
Mears’ criterion (Heat) 3.69x10-3 
a Estimated assuming Sh (Sherwood Number) =  kc(2R)/D = 2 because Re (Reynolds Number) = 
ρU(2R)/μ = 0.38 < 1, where ρ = bulk gas density (Assumed to be Ar at 415 K, ρ = 1.173 kg m-3), 
U = superficial velocity (total volumetric flow rate (2.55 cm3 s-1) divided by reaction cross sectional 
area: tube diameter of 0.01 m: U = 3.25x10-2 m s-1), and μ = gas viscosity (estimated as Ar 
viscosity at 415 K = 2.95x10-5 Pa s). D is gas phase diffusivity, estimated using Chapman-Enskog 
theory of diffusivity for IPA in Ar at 415 K (1.82x10-6 m2 s-1).  
b Estimated by again using Re < 1, so Nu (Nusselt number) = h(2R)/kt, =2, where kt is the thermal 
conductivity of the reactant fluid, assumed to be Ar at 415 K, kt = 2.3x10-5 kW m-2 K-1. 
 
 Internal mass transfer limitations were investigated using the Weisz-Prater 
criterion, which calculates the ratio of the observed rate of reaction to the rate of 
diffusion:  
 𝐶Z, = 𝜂𝜙8 = 𝑟5𝜌2𝑅8𝐷3𝐶-  (Eq. B.3) 
   
where η is the dimensionless effectiveness factor, ϕ2 is the dimensionless Thiele 
modulus, De is the effective diffusivity in m2 s-1 (De = Dεδ/τ, where ε is the porosity, 
δ is the constrictivity, and τ is the tortuosity, assumed to be average values of 0.35, 
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0.8, and 6, respectively), and CAs is the reactant surface concentration in kmol m-
3, which will equal Cb because Mears’s criterion showed that there were no external 
mass transfer limitations. 
If internal mass transfer limitations are negligible, then η≈1 and ϕ2<<1. If we 
assume that η = 1 and then solve for ϕ2, mass transfer limitations will be negligible 
if in fact ϕ2<<1. Table S.2 tabulates the relevant parameters and calculated 
criterion. 
Table B.2. Tabulation of parameters for the calculation of the Weisz-Prater criterion for 
the absence of internal mass transfer limitations for IPA dehydration at 415 K over 
transition metal carbide catalysts.  
 
Parameter Value 
robs (kmol kgcat-1 s-1) 2x10-6 
ρc (kgcat m-3) 760 
R (m) 1.5x10-4  
CAs (kmol m-3) 1.45x10-4 (0.5 kPa IPA at 110 kPa) 
De (m2 s-1)a 8.5x10-8 (assumed ε=0.35, δ=0.8, τ=6) 
Calculated Weisz-Prater criterion 
(ηϕ2) 1.24x10
-4 
aKnudsen diffusivity was not used because Knudsen number =  kbT/( 2𝜋𝑑8𝑝𝐿) = 0.022. For this 
calculation, d is the collision diameter of IPA from Chapman-Enskog theory (4.55 Å), p is 
atmospheric pressue, and L is the average pore diameter. The average pore diameter was 
estimated to be 1x10-8 m from BJH theory of N2 physisorption isotherms.  
 
We can also calculate a Biot number to show the lack of internal heat 
transfer resistances. Bi = h(2R)/ktc, where ktc is the thermal conductivity of the 
catalyst pellet. Thermal conductivity of Mo and C are both 0.14 kW m-1 K-1, so this 
value was assumed for kc of Mo2C. Thus, Bi = 1.67x10-4, showing internal heat 
transfer limitations are negligible compared to external heat transfer limitations. 
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These calculations show that the reaction rate is the limiting factor in these kinetic 
studies. 
B.3 DTBP titration 
 DTBP titrations were performed as described in Section 3.2.3. Figure B.1 
shows IPA dehydration rates (propylene formation rates) during a representative 
titration experiment. Extrapolated time to complete deactivation was used to 
calculate total molar flow rate of DTBP necessary to completely kill the HDO rate; 
a 1:1 stoichiometry of DTBP: Brønsted acid site was used in order to calculate a 
site density for rate normalization and turnover frequency (TOF) calculation. 
 
Figure B.1. IPA dehydration rate (propylene synthesis rate) as a function of time after 
introduction of the DTBP titrant. T = 415 K, ~ 0.1 gWO3 carburized to WC, ambient pressure, 
IPA pressure = 0.54 kPa, PCH4 = 4 kPa (internal standard), balance He, ~1.83 cm3 s-1 total 
flow. Titrant flow is an equivalent volumetric flow of IPA/DTBP with 3x10-4 DTBP mole 
fraction. IPA flow resumed at ~ 130 min after titrant introduction. The diagonal dashed line 
shows the linear extrapolation used to calculate dehydration turnover frequency (TOF).  
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B.4 α-Mo2C O2 co-feed transient 
 Freshly synthesized α-Mo2C was used to catalyze IPA dehydration, after 20 
h on-stream a 13 kPa O2 co-feed was introduced to the reactant flow while 
concurrently the Ar co-feed was diminished in order to maintain a constant space 
velocity. Dehydration rates increased gradually over time and eventually stabilized 
after a ~130 h transient. This transient is shown in Figure B.2. 
 
 
  
Figure B.2. IPA dehydration rate (propylene synthesis rate) as a function of time after 
introduction 13 kPa O2 co-feed. T = 415 K, ~ 0.2 α-Mo2C (37 wt% Mo). IPA pressure = 
0.54 kPa, PCH4 = 4 kPa (internal standard), balance He, ~1.83 cm3 s-1 total flow.  
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B.5 X-ray photoelectron spectroscopy (XPS) 
The XPS measurements were performed on an SSX-100 system (Surface 
Science Laboratories, Inc.) equipped with a monochromated Al Ka X-ray source, a 
hemispherical sector analyzer (HSA) and a resistive anode detector. The base 
pressure was 5.0 x 10-10 Torr. During data collection, the pressure was ca. 1.0 x 
10-8 Torr. 
Each sample was individually mounted on a sample holder using a piece of 
carbon sticking tape or aluminum sticking tape. Care was taken to ensure the 
surface was fully covered with a sufficiently thick layer of the sample. The MoO3 
sample was not conductive and a low-energy electron beam (10 eV) was used for 
charge neutralization.  The X-ray spot size was 1 x 1 mm2, which corresponded to 
an X-ray power of 200 W. The survey spectra were collected using 150 eV pass 
energy and 1 eV/step. The high resolution spectra were collected using 50 eV pass 
energy and 0.1 eV/step.  
The atomic percentages were calculated from the survey spectrum using 
the ESCA Hawk software provided with the XPS system. For high resolution data, 
the adventitious carbon 1s peak was set at 285.0 eV and used as the reference 
for all of the other elements. The curve fitting used a combination of 
Gaussian/Lorenzian function with the Gaussian percentages being at 80% or 
higher. Figure B.3 shows the XPS analysis of a freshly synthesized β-Mo2C that 
was treated with 13 kPa O2 co-feed for >12 h. The majority of the sample is 
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oxidized to the Mo6+ and Mo5+ state. No carbidic Mo2+ is observed, and <10% of 
the Mo resides as Mo3+. 
 
Figure B.3. XPS analysis of a β-Mo2C that was treated with 13 kPa O2 co-feed for >12 h. 
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B.6 Dehydration rate as a function of O2 pressure 
 Figure B.4 shows the effects of O2 pressure on propylene synthesis rates 
from unimolecular IPA dehydration for both β-Mo2C and W2C. Rates saturated at 
O2 pressures of <0.4 kPa for W2C in comparison to β-Mo2C where rates increased 
more gradually with O2 pressure and saturated only at O2 pressures exceeding ~ 
12 kPa.  
 
Figure B.4. IPA dehydration rates as a function of O2 co-feed partial pressure. T = 415 K, 
~ 0.03 – 0.1 gMOx carburized to β-Mo2C or W2C, ambient pressure, IPA pressure = 0.25 - 
0.54 kPa, PCH4 = 4 kPa (internal standard), balance He, ~1.83 cm3 s-1 total flow. 
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APPENDIX C 
 
C. SUPPORTING INFORMATION FOR CHAPTER SIX 
C.1 Propanal hydrodeoxygenation 
 Propanal HDO experiments were performed as constant contact time and 
reactant partial pressures by varying reaction temperature as shown in Figure C.1. 
A sequential carbonyl hydrogenation/alcohol dehydration pathway was observed 
as evinced by a lack of any significant propylene or propane formation until ~50% 
propanal hydrogenation was reached. Propylene hydrogenation to propane to form 
the terminal stable product of this reaction pathway was also shown at the highest 
reaction rates as achieved by the highest reaction temperature of 476 K.  
 
Figure C.1. Normalized effluent partial pressures of reactants and products during 
propanal HDO reaction as a function of reaction temperature. P0 = 0.26 kPa pure 
propanal, 81 kPa H2, 4 kPa CH4 as an internal standard, balance inert carrier gas, T = 
367 – 476 K, 0.100 gcat, ~110 cm3 min-1 total flow. 
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 HDO rates, calculated as the sum of propylene and propane formation 
rates, were used to calculate a propanal HDO apparent activation energy of 113 
kJ mol-1 as shown in Figure C.2. HDO rates used for this analysis were not 
differential and are only meant as an estimate of the nature of the active site. Figure 
C.3 shows HDO rates as a function of propanal pressure, exhibiting a zero-order 
dependence over a propanal pressure range of 0.1 – 2 kPa; this zero-order 
 
Figure C.2. Propanal HDO reaction rate, calculated as the combined formation rate of 
(propylene + propane), normalized per gram catalyst, as a function of reaction 
temperature. P0 = 0.26 kPa propanal feed, 81 kPa H2, 4 kPa CH4 as an internal 
standard, balance inert carrier gas, 0.100 gcat, ~110 cm3 min-1 total flow.  
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dependence indicates a propanal saturated surface similar to that observed with 
acetone/IPA oxygenate feeds.  
 
C.2 Heat and mass transfer calculations 
Mears’ criteria can be used to estimate the existence or negligibility of 
external heat and external mass transfer calculations when measuring reaction 
rates. External mass transfer limitations can be neglected if the following inequality 
is satisfied194: 
 
Figure C.3. Propanal HDO reaction rate, calculated as the combined formation rate of 
(propylene + propane), normalized per gram catalyst, as a function of propanal feed 
pressure. Reactant mixture comprised 81 kPa H2, 4 kPa CH4 as an internal standard, 
and balance inert carrier gas. T = 369 K, 0.100 gcat ~110 cm3 min-1 total flow.  
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𝑟5𝜌𝑅𝑛𝑘2𝐶 < 0.15 (Eq. C.1) 
   
Where robs is the observed rate of reaction in kmol kgcat-1 s-1, ρb is the catalyst bed 
density in kg m-3 (ρb = (1-ϕ)ρc where ϕ is the bed void fraction and ρc is the density 
of the catalyst, reported to be 760 kg m-3), R is the catalyst particle radius in m, n 
is the reactant reaction rate order, kc is the external mass transfer coefficient in m 
s-1, and Cb is the reactant bulk concentration in kmol m-3.  
This criterion is the result of expanding a reaction rate expression of the 
form r = kCn with a Taylor series expansion about Cb and including the first two 
nonzero terms, assuming a spherical catalyst particle and calculating the criterion 
for the reaction rate to remain with 95% of a system entirely at bulk concentration 
Cb.  
 In a similar manner, assuming a spherical particle and an Arrhenius 
expression for the rate of reaction, the reaction rate can be expanded about T0, 
the bulk reaction vessel temperature, using a Taylor series and the first two 
nonzero terms. Using this expansion and setting equal the steady state energy 
production and convection terms, the criterion for which the reaction rate remains 
within 5% of the isothermal case can be solved for, and the criterion is as follows195: 
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Δ𝐻 𝑟5𝑅𝐸𝜌ℎ𝑅N𝑇A8 < 0.15 (Eq. C.2) 
   
where ΔH is the enthalpy of reaction in kJ kmol-1, Ea is the reaction activation 
energy in kJ kmol-1, h is the external heat transfer coefficient in kW m-2 K-1, Rg is 
the gas constant (8.314 kJ kmol-1 K-1), and T0 is the reaction vessel temperature 
(369 K). Table S1 tabulates the relevant parameters and heat and mass criteria. 
 
Table C.1. Tabulation of parameters for the calculation of Mears’ criteria for the absence 
of external heat and mass transfer limitations for IPA HDO at 369 K over activated Mo2C 
catalysts.  
 
Parameter Value 
robs (kmol kgcat-1 s-1) 1x10-7 (Above average rate) 
ρb (kgcat m-3) 532 (ρc = 760, assumed ϕ = 0.3) 
R (m) 1.5x10-4 (based off of average mesh 
size of 400-177 μm) 
kc (m s-1)a 1.47x10-2 
Cb (kmol m-3)b 2.98x10-4 (0.25 kPa IPA at 110 kPa) 
n 0 
ΔH (IPA -> Propylene + H2O) /  
(kJ kmol-1) 
51200 
Ea (kJ kmol-1) 103000 
h (kW m-2 K-1)b 1.47 
Mears’ criterion (Mass) 0 (1.83x10-3 if assumed n = 1) 
Mears’ criterion (Heat) 2.53x10-5 
a Estimated assuming Sh (Sherwood Number) =  kc(2R)/D = 2 because Re (Reynolds Number) = 
ρU(2R)/μ << 1, where ρ = bulk gas density (Assumed to be H2 at 369 K, ρ = 6.62x10-2 kg m-3), U 
= superficial velocity (total volumetric flow rate (2.85 cm3 s-1) divided by reaction cross sectional 
area: tube diameter of 0.01 m: U = 3.63x10-2 m s-1), and μ = gas viscosity (estimated as H2 
viscosity at 369 K = 1.03x10-5 Pa s). D is gas phase diffusivity, estimated using Chapman-Enskog 
theory of diffusivity for IPA in H2 at 369 K (4.68x10-5 m2 s-1).  
b Estimated by again using Re << 1, so Nu (Nusselt number) = h(2R)/kt, =2, where kt is the 
thermal conductivity of the reactant fluid, assumed to be H2 at 369 K, kt = 2.2x10-4 kW m-2 K-1. 
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 Internal mass transfer limitations were investigated using the Weisz-Prater 
criterion, which calculates the ratio of the observed rate of reaction to the rate of 
diffusion:  
 𝐶Z, = 𝜂𝜙8 = 𝑟5𝜌2𝑅8𝐷3𝐶-  (Eq. C.3) 
   
where η is the dimensionless effectiveness factor, ϕ2 is the dimensionless Thiele 
modulus, De is the effective diffusivity in m2 s-1 (De = Dεδ/τ, where ε is the porosity, 
δ is the constrictivity, and τ is the tortuosity, assumed to be average values of 0.35, 
0.8, and 6, respectively), and CAs is the reactant surface concentration in kmol m-
3, which will equal Cb because Mears’ criteria showed that there were no external 
mass transfer limitations. Here, R is the average crystallite size in m, estimated as 
1x10-6 m from TEM analysis. 
If internal mass transfer limitations are negligible, then η≈1 and ϕ2<<1. If we 
assume that η = 1 and then solve for ϕ2, mass transfer limitations will be negligible 
if in fact ϕ2<<1. Table C.2 tabulates the relevant parameters and calculated 
criterion. 
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Table C.2. Tabulation of parameters for the calculation of the Weisz-Prater criterion for 
the absence of internal mass transfer limitations for IPA dehydration at 415 K over O*-
Mo2C.  
 
Parameter Value 
robs (kmol kgcat-1 s-1) 1x10-7 
ρc (kgcat m-3) 760 
R (m) 1 x10-6  
CAs (kmol m-3) 2.98x10-4 (0.25 kPa IPA at 110 kPa) 
De (m2 s-1)a 
1.16x10-7 (assumed ε=0.35, δ=0.8, 
τ=6) 
Calculated Weisz-Prater criterion 
(ηϕ2) 6.18x10
-5 
aKnudsen diffusivity was not used because Knudsen number =  kbT/( 2𝜋𝑑8𝑝𝐿) = 0.022. For this 
calculation, d is the collision diameter of IPA from Chapman-Enskog theory (4.55 Å), p is 
atmospheric pressue, and L is the average pore diameter. The average pore diameter was 
estimated to be 1x10-8 m from BJH theory of N2 physisorption isotherms.  
 
We can also calculate a Biot number to show the lack of internal heat 
transfer resistances. Bi = h(2R)/ktc, where ktc is the thermal conductivity of the 
catalyst pellet. Thermal conductivity of Mo and C are both 0.14 kW m-1 K-1, so this 
value was assumed for kc of Mo2C. Thus, Bi = 3.17x10-3, showing internal heat 
transfer limitations are negligible compared to external heat transfer limitations. 
These calculations show that the reaction rate is the limiting factor in these kinetic 
studies. 
C.3 Acetone hydrogenation equilibrium calculations 
 Acetone hydrogenation to form IPA is represented below:  
 
Scheme C.1. Acetone hydrogenation reaction and equilibrium constant, KHyd(T) 
OHO
+  H2
KHyd(T) +  H2- H2O
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 The approach to equilibrium can be calculated from Equation 6.1 in the text, 
displayed here again for convenience: 
 
 𝜂 = 𝑃+,-𝑃-234563𝑃78 1𝐾79:  (Eq. C.4) 
   
where η is the calculated approach to equilibrium, PIPA, PAcetone, and PH2 are the 
reactor effluent partial pressures of IPA, acetone, and H2 in atm, respectively, and 
KHyd is the thermodynamic equilibrium constant of the hydrogenation of acetone to 
IPA. 
 A reaction at equilibrium will exhibit η = 1. In order to run differential acetone 
HDO reactions, assuming that Scheme 6.1 correctly represents the acetone HDO 
reaction pathway, it is necessary to feed an equilibrated mixture of acetone/IPA/H2 
over the activated Mo2C catalyst in order to observe kinetics of the rate-
determining IPA dehydration.  
 To calculate and feed an equilibrated mixture of acetone and IPA, η = 1, the 
reaction temperature must be constant and PH2 must be chosen a priori. For T = 
369 K and a predetermined PH2 = 81 kPa, the equilibrium composition of an 
acetone/IPA mixture could be calculated according to the following procedure. 
First, the equilibrium constant of acetone hydrogenation was calculated: 
 𝐾79:5 = 𝑒B∆[ª«¬sEF  (Eq. C.5) 
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where 𝐾79:5  is the equilibrium constant of acetone hydrogenation to IPA at standard 
conditions (298 K, 1 atm), T is the reaction temperature, 369 K, ∆𝐺79:5  is the 
standard Gibbs free energy of acetone hydrogenation to IPA, -20.5 kJ mol-1, and 
R is the ideal gas constant. Plugging in, 𝐾79:5  = 3921.5. It must be noted that both 
η and K are dimensionless in Equation 6.1, and the partial pressures in Equation 
6.1 are all normalized by the standard state pressure of 1 atm, thus η will only be 
calculated correctly using Equation 6.1 if all partial pressures are in atm. 
 𝐾79:5  was then used to calculate 𝐾79:(𝑇) via the Van’t Hoff equation: 
 ln 𝐾79:(𝑇)𝐾79:5 = −∆𝐻79:5𝑅 1𝑇 − 1298  (Eq. C.6) 
   
where −∆𝐻79:5  is the standard enthalpy of reaction of acetone hydrogenation to 
IPA, -55 kJ mol-1, and T is the reaction temperature, 369 K. Plugging in and solving, 𝐾79: 𝑇 = 54.4. 
 Using Equation 6.1, with 𝐾79: 𝑇 = 54.4, 𝑃7_ = 81	𝑘𝑃𝑎 = 0.80	𝑎𝑡𝑚, and 𝜂 =1, we can solve for ,±² , poqsto = 43.46. Converting using the densities and molar 
masses of IPA and acetone, this corresponds to a 45.22 volumetric ratio of 
IPA/Acetone that would be an equilibrated mixture when fed with 81 kPa H2 at T = 
369 K. A similar technique was used to calculate the equilibrium ratio for PH2 = 21 
kPa. 
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C.4 Kinetic isotope effect calculations 
The calculation of a primary kinetic isotope effect for IPA dehydration at 369 
K assuming that a C-H bond scission is the kinetically relevant step is reported 
below. For a simple approximation of the kinetic isotope effect, we assume the 
validity of transition state theory, and the reaction rate constant can be 
approximated by 
 
 𝑘 = 	𝑘𝑇ℎ 𝑒B[‡EF  (Eq. C.7) 
   
where k is the reaction rate constant, kb is Boltzmann’s constant, T is the reaction 
temperature, h is Planck’s constant, 𝛥𝐺‡ is the change in free energy between the 
reactants and the transition state, and R is the ideal gas constant.  
We then assume that the C-X (X = H, D) bond is completely severed in the 
transition state. The difference between the free energy of the products and the 
free energy of the reactants is entirely due to the energy of the vibrational 
frequency of the bond being severed, assuming no other adjacent isotopic bonds 
vary significantly over the course of the reaction.  
We can define the KIE as the ratio of the reaction rate constant of the C-H 
bond scission to the rate constant of the C-D bond scission as follows: 
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 𝐾𝐼𝐸 = 𝑘7𝑘 = 𝑒∆∆[‡EF  (Eq. C.8) 
   
where kH is the reaction rate constant for the C-H bond scission, kD is the reaction 
rate constant for the C-D bond scission, and 𝛥𝛥𝐺‡ is the difference between the 
change in free energies for the C-H bond scission and the C-D bond scission, 
defined as  
 
 
𝛥𝛥𝐺‡ = 𝛥𝐺OB‡− 𝛥𝐺OB7‡ (Eq. C.9) 
   𝛥𝛥𝐺‡ is entirely due to the difference in energy of the C-H bond and the C-D bond, 
and can be calculated as follow: 
 
 𝛥𝛥𝐺‡ = 12ℎ 𝜈 𝐶 − 𝐻 − 𝜈 𝐶 − 𝐷  (Eq. C.10) 
 
where 𝜈 𝐶 − 𝑋  is the vibrational frequency of the C-X bond. This estimate 
provides an upper bound of the kinetic isotope effect due to the assumption that 
the C-X bond is completely severed in the transition state. Any remaining C-X bond 
character at the transition state will serve to reduce the magnitude of 𝛥𝛥𝐺‡, 
therefore decreasing KIE.  
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We then assume that the C-X bond can be represented as a simple 
harmonic oscillator with a spring constant, ks. Its vibrational frequency can be 
calculated as follows: 
 
 𝜈 𝐶 − 𝑋 = 12𝜋 𝑘𝜇OB (Eq. C.11) 
 
where νC-X is the vibrational frequency of the C-X bond, ks is the spring constant of 
the vibration, and μC-X is the reduced mass of the C-X bond. μC-X can be calculated 
as follows: 
 
 𝜇OB = 𝑚O𝑚𝑚2 − 𝑚 (Eq. C.12) 
 
where mi is the molar mass of element i. Typical 𝜈 𝐶 − 𝐻  values are on the order 
of (2900 cm-1)(3x108 m s-1). We can use this to estimate 𝜈 𝐶 − 𝐷  if we assume 
that the spring constant of the C-X bond, ks, is indeed a constant. Solving for ks, 
writing an equation for both the C-H and C-D bonds, equating, and rearranging 
yields the following: 
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 𝜈 𝐶 − 𝐷 = 𝜈 𝐶 − 𝐻 𝜇OB7𝜇OB (Eq. C.13) 
 
The theoretical KIE for C-H vs. C-D bond scission at 369 K was calculated 
using all of the previous formulae as follows: 
 𝐾𝐼𝐸 = 𝑒  OB7 B OB  8EF  (Eq. C.14) 
 
= 𝑒 OB7 )B ¡)`8¢£F  
 
= 𝑒 a.a8a3B`|	¤∙ `3b	L	¦i 8§AAAA	L¦i )B ¡)`8 ).`b3B8`	¤∙U¦i `a§	U  
 = 4.512 
 
The value reported above provides an upper bound for the C-H bond 
scission KIE at 369 K. Any retention of C-X bond character in the transition state 
would diminish the observed KIE. This observed KIE is also too large to be 
considered a secondary KIE, typically on the order of KIE = 1.1-1.2 This means 
the observed KIE of 1.85 most likely corresponds to C-H bond scission as the 
kinetically relevant step of IPA dehydration over oxygen modified Mo2C.  
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C.5 DTBP titration 
 DTBP titrations were performed as described in Section 6.2.3. Figure C.4 
shows HDO rates (propylene + propane formation rates) during a representative 
titration experiment. Extrapolated time to complete deactivation was used to 
calculate total molar flow rate of DTBP necessary to completely kill the HDO rate; 
a 1:1 stoichiometry of DTBP: Brønsted acid site was used in order to calculate a 
site density for rate normalization and turnover frequency (TOF) calculation. 
 A typical calculation of a HDO TOF is shown below. For one titration 
experiment, ~0.1 g of passivated Mo2C was activated and used for the titration. 
The HDO rate (propylene + propane rate) pre-titration was 2.75x10-7 mol propylene 
min-1 gcat-1. Multiplying these two yields the rate of production of (propylene + 
propane), 2.74x10-8 mol min-1. As shown in Figure C.4, the DTBP titration mixture 
was introduced and (propylene + propane) production decreased linearly; this 
decrease was fit with a linear polynomial and this line was extrapolated to the x-
intercept, interpreted as the necessary amount of time for the DTBP to eliminate 
all (propylene + propane) production; this line had an intercept of 2.75x10-7 mol 
min-1 gcat-1 and a slope of -7.01x10-9 (mol min-1 gcat-1) (min-1). Dividing the intercept 
by the opposite of the slope yields 39 min, or 2340 s, of titrant DTBP flow to 
complete catalyst titration.  
 The titrant mixture was introduced at a total flow rate of 50 μL h-1. This titrant 
mixture comprised a liquid mixture of 20 μL DTBP and 5 mL (5000 μL) IPA. The 
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total titrant DTBP uptake was thus calculated as follows using the density and 
molar mass of DTBP: 
 
 
50	µL	mixtureℎ𝑟 0.020	mL	DTBP5.02	𝑚𝐿	𝑚𝑖𝑥𝑡𝑢𝑟𝑒 1	𝑚𝐿1000	µL	 0.852	𝑔	𝐷𝑇𝐵𝑃𝑚𝐿	𝐷𝑇𝐵𝑃 … 𝑚𝑜𝑙	𝐷𝑇𝐵𝑃191	𝑔	𝐷𝑇𝐵𝑃 ℎ𝑟60	𝑚𝑖𝑛 𝑚𝑖𝑛60		𝑠 2340	𝑠1 = 5.76𝑥10B¡	𝑚𝑜𝑙𝑒	𝐷𝑇𝐵𝑃 
(Eq. 
C.15) 
 
Normalizing the rate of 2.74x10-8 mol min-1 by the extrapolated total titrant uptake 
yields 0.0476 mol min-1 mol DTBP-1. Converting to a per second basis yields 
0.000793 mol s-1 mol DTBP-1. Converting to mmole of (propylene + propane) yields 
the TOF of 0.793 mmol s-1 mole DTBP site-1 reported in Figure 6.7 for an activation 
time of 22 h under flowing H2.  
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Figure C.4. HDO rate (propylene + propane synthesis rate) as a function of time after 
introduction of the DTBP titrant. T = 369 K, ~ 0.1 gcat, ambient pressure, acetone/IPA 
equilibrium mixture pressure = 0.25 kPa, PH2 = 80 kPa, PCH4 = 4 kPa (internal standard), 
balance He, ~1.83 cm3 s-1 total flow. Titrant flow is an equivalent volumetric flow of 
acetone/IPA/DTBP with < 1x10-3 DTBP mole fraction. Acetone/IPA flow resumed at ~ 170 
min after titrant introduction. The diagonal dashed line shows the linear extrapolation used 
to calculate HDO turnover frequency (TOF). 
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APPENDIX D 
 
D. SUPPORTING INFORMATION FOR CHAPTER SEVEN 
D.1 X-ray diffractograms of Mo2C samples post-reaction 
 
Figure D.1. XRD of three representative post-reaction catalyst samples. Catalytic rates 
and selectivity measured primarily at T = 823 K, P = 110 kPa, 1.67 cm3 s-1 total flow. (a): 
0.058 gcat, utilized for space velocity variation experiments for ~3 days under primarily 
PC3H8 = 5.2 kPa, PCO2 = 0.23 kPa, PH2 = 6.2 kPa, balance He. (b) Catalyst exposed to a 
flow of primarily PC3H8 = 5.8 kPa, PCO2 = 0.33 kPa, PH2 = 0 kPa, balance He. (c) Catalyst 
formulation underwent numerous changes in flow over 30+ days of reaction. Indexed 
peaks on diffractogram (C) correspond to b-Mo2C (JCPDS PDF #01-072-1683), and 
highlighted peaks on difractograms (A) and (B) correspond to MoC (JCPDS PDF #00-008-
0384).  
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D.2 Catalyst stability and rapid oxidation upon H2 removal 
 
Figure D.2. Propane dehydrogenation rates as a function of time after H2 co-feed removal. 
PC3H8 = 5.2 kPa, PCO2 = 1.1 kPa, T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow, balance He 
flow. PH2 = 6.2 kPa prior to t = 0, PH2 = 0 kPa from 0 < t < 2700 min.  
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D.3 Near-first order propane dependence 
 Propane dehydrogenation exhibited nearly first order dependence upon 
C3H8 pressure under all co-feed conditions as shown below in Figure D.3. Rates 
approximated with a power law dependence upon C3H8 pressure varied as 
PC3H80.93, PC3H80.78, and PC3H80.68 for co-feed of H2/CO2, CO2, and no co-feed, 
respectively. C3H8 pressure dependences slightly below unity represent mild alkyl-
fragment-derived dehydrogenation inhibition, but inclusion of an alkyl-denominator 
term did not significantly affect dehydrogenation rate fits as mentioned in Section 
7.3.3. 
 
Figure D.3. Propylene dehydrogenation rate under experimental conditions involving C3H8 
only, C3H8/CO2, and C3H8/CO2/H2 flow as a function of PC3H8. T = 823 K, 0.58 gcat, 1.67 
cm3 s-1 total flow. Co-feed conditions of (i) no co-feed, (ii) PCO2 co-feed, or (iii) H2/CO2 co-
feed. Pressure ranges of 0.52 < PC3H8 < 10.5 kPa, 3 < PH2 < 49.5 kPa, and 0.54 < PCO2 < 
8.7 kPa. Conversion ranged from 0.2% to 12.8% while typically < 5%.  
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D.4 Near-zero-order CO2 dependence 
 Propane dehydrogenation with CO2 co-feed exhibited near-zero-order 
dependence upon CO2 pressure (rC3H6 ~ PCO20.13) as shown below in Figure D.4. 
This is indicative of an O* saturated surface as would be expected in absence of 
H2 co-feed due to the oxophilic nature of Mo2C. RWGS equilibrium was not 
achieved due to the lack of H2 co-feed and the excess CO2 flow, so PCO2 was used 
as the independent variable to show rate independence on oxygenate pressure. 
 
Figure D.4. Propylene dehydrogenation rate under experimental conditions involving C3H8 
with CO2 co-feed. T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow, PC3H8 = 5.2 kPa, conversion 
<1%. 
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D.5 Transient induction periods  
 As-synthesized Mo2C catalysts were exposed to reactants in situ at 823 K 
without exposure to external atmosphere. Catalysts typically exhibited induction 
periods lasting >1500 min upon exposure to reactants as shown below in Fig. D.5. 
Induction periods were dependent upon reactant flows and compositions. 
Dehydrogenation rates typically reached steady state values after >2000 min; 
kinetic experiments did not begin until reaching these stable values.  
 
Figure D.5. Propane dehydrogenation rate induction periods for two separate 
experiments. PC3H8 = 5.8 kPa, T = 823 K, 0.58 gcat, 1.67 cm3 s-1 total flow. Experiment 
represented by filled circles included a co-feed of PCO2 = 0.2 kPa. Balance He flow for both 
experiments. Reactant flow introduced over a freshly synthesized carbide that had only 
been exposed to synthesis CH4/H2 flow.  
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D.6 MoO3 dehydrogenation intransience 
Independent experiments showed that bulk MoO3 exhibited negligible 
transient behavior after removing CO2 from C3H8/CO2 dehydrogenation conditions; 
rates were stable and intransient for over 3000 min as shown below in Fig. D.6. 
The absence of transience in the identical MoO3 experiment demonstrates the 
necessity of the carbidic structure for bulk O* occlusion and removal as well as 
variations in reducibility between bulk Mo-oxides in comparison to oxidized 
molybdenum carbides. 
 
Figure D.6. Propane dehydrogenation rates over MoO3 as a function of time after removal 
of CO2 co-feed. 0.816g of MoO3 catalyst was loaded in order to keep a comparable mass 
of Mo loading to carbidic experiments (0.58 gMo2C). PC3H8 = 6.0 kPa, T = 823 K, 0.82 cm3 
s-1 total flow. PCO2 = 1.3 kPa prior to relative t = 0.  
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D.7 Alternative transient analysis: correlating eluted CO to 𝜽𝑶∗ 
 During the transient observed in Figure 7.6 (Transient 1), CO was evolved, 
and CO formation rates increased and decreased in tandem with propylene 
dehydrogenation rates. Kinetic modeling of data shown in Figure 7.6 was 
performed in a similar manner to that mentioned in Section 7.3.4 and represented 
in Figure 7.7, except the eluted CO was used to quantify 𝜃H∗ so that the only fit 
parameter was kO*-*. The integrated quantity of evolved CO (0.94 CO/Mobulk) was 
assumed to be the total quantity of O* sequestered within the catalyst. The 
integrated flow rate of CO up to time t divided by this total quantity was used to 
quantify 𝜃H∗(𝑡), and this is plotted in Fig. D.7b) and used for modeling shown Fig. 
D.7a) and c). A simple exponential fit of 𝜃H∗ with 𝜃H∗ 4gA = 	1 yields a time constant 
t1~450 min, which is similar to that obtained from the fit shown in Figure 7.7. The 
fit value of kO*-* obtained from this analysis was almost identical to that obtained 
from the reported fitting method shown in Figure 7.7. 
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Figure D.7. Modeling of propane dehydrogenation transience shown in Figure 7.6 
(Transient 1). Fig. D.6a) shows the model fit. Fig. D.6b) shows the interchange between 
oxidized (O*) sites and carbidic (*) sites as measured by the integrated elution of CO at 
time t divided by the total eluted CO over the experimental period, and Fig. D.6c) shows 
the fraction of the total observed dehydrogenation rate accounted for by each population 
of site pairs (O*-O*, O*-*, or *-*). 
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D.8 Heat and mass transfer calculations 
Mears criteria can be used to estimate the existence or absence of external 
heat and external mass transfer calculations when measuring reaction rates. 
External mass transfer limitations can be neglected if the following inequality is 
satisfied194: 
 
𝑟5𝜌𝑅𝑛𝑘2𝐶 < 0.15 (Eq. D.1) 
   
Where robs is the observed rate of reaction in kmol kgcat-1 s-1, ρb is the catalyst bed 
density in kg m-3 (ρb = (1-ϕ)ρc where ϕ is the bed void fraction and ρc is the density 
of the catalyst, reported to be 760 kg m-3)140, R is the catalyst particle radius in m, 
n is the reactant reaction rate order, kc is the external mass transfer coefficient in 
m s-1, and Cb is the reactant bulk concentration in kmol m-3.  
This criterion is the result of expanding a reaction rate expression of the 
form r = kCn with a Taylor series expansion about Cb and including the first two 
nonzero terms, assuming a spherical catalyst particle and calculating the criterion 
for the reaction rate to remain with 95% of a system entirely at bulk concentration 
Cb.  
 In a similar manner, assuming a spherical particle and an Arrhenius 
expression for the rate of reaction, the reaction rate can be expanded about T0, 
the bulk reaction vessel temperature, using a Taylor series and the first two 
nonzero terms. Using this expansion and setting equal the steady state energy 
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production and convection terms, the criterion for which the reaction rate remains 
within 5% of the isothermal case can be solved for, and the criterion is as follows195: 
 
 
Δ𝐻 𝑟5𝑅𝐸𝜌ℎ𝑅N𝑇A8 < 0.15 (Eq. D.2) 
   
where ΔH is the enthalpy of reaction in kJ kmol-1, Ea is the reaction activation 
energy in kJ kmol-1, h is the external heat transfer coefficient in kW m-2 K-1, Rg is 
the gas constant (8.314 kJ kmol-1 K-1), and T0 is the reaction vessel temperature 
(823 K). Table D.1 tabulates the relevant parameters and heat and mass criterion. 
 
Table D.1. Tabulation of parameters for the calculation of Mears’s criteria for the absence 
of external heat and mass transfer limitations for propane dehydrogenation at 823 K over 
transition metal carbide catalysts.  
 
Parameter Value 
robs (kmol kgcat-1 s-1) 3x10-7 (Highest observed rate) 
ρb (kgcat m-3) 532 (ρc = 760, assumed ϕ = 0.3) 
R (m) 1.5x10-4 (based off of average mesh 
size of 400-177 μm) 
kc (m s-1)a 0.064 
Cb (kmol m-3)b 7.6x10-4 (5.2 kPa C3H8 at 110 kPa) 
n ~1 
ΔH (IPA -> Propylene + H2O)  
/ (kJ kmol-1) 
124000 
Ea (kJ kmol-1) 180000 
h (kW m-2 K-1)b 0.091 
Mears’ criterion (Mass) 0 (1.13x10-2 if assumed n = 1) 
Mears’ criterion (Heat) 2.39x10-2 
a Estimated assuming Sh (Sherwood Number) =  kc(2R)/D = 2 because Re (Reynolds Number) = 
ρU(2R)/μ = 1.25 ~ 1, where ρ = bulk gas density (Assumed to be He at 823 K, ρ = 1.173 kg m-3), 
U = superficial velocity (total volumetric flow rate (1.67 cm3 s-1) divided by reaction cross sectional 
area: tube diameter of 0.0069 m: U =1.23x10-1 m s-1), and μ = gas viscosity (estimated as He 
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viscosity at 823 K = 4.02x10-5 Pa s). D is gas phase diffusivity, estimated using Chapman-Enskog 
theory of diffusivity for C3H8 in He at 823 K (2. 2x10-4 m2 s-1).  
b Estimated by again using Re < 1, so Nu (Nusselt number) = h(2R)/kt, = 2, where kt is the thermal 
conductivity of the reactant fluid, assumed to be He at 823 K, kt = 3.15x10-4 kW m-2 K-1. 
 
 Internal mass transfer limitations were investigated using the Weisz-Prater 
criterion, which calculates the ratio of the observed rate of reaction to the rate of 
diffusion: 
 𝐶Z, = 𝜂𝜙8 = 𝑟5𝜌2𝑅8𝐷3𝐶-  (Eq. D.3) 
   
where η is the dimensionless effectiveness factor, ϕ2 is the dimensionless Thiele 
modulus, De is the effective diffusivity in m2 s-1 (De = Dεδ/τ, where ε is the porosity, 
δ is the constrictivity, and τ is the tortuosity, assumed to be average values of 0.35, 
0.8, and 6, respectively), and CAs is the reactant surface concentration in kmol m-
3, which will equal Cb because Mears’s criteria showed that there were no external 
mass transfer limitations. 
If internal mass transfer limitations are negligible, then η≈1 and ϕ2<<1. If we 
assume that η = 1 and then solve for ϕ2, mass transfer limitations will be negligible 
if in fact ϕ2<<1. Table D.2 tabulates the relevant parameters and calculated 
criterion. 
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Table D.2. Tabulation of parameters for the calculation of the Weisz-Prater criterion for 
the absence of internal mass transfer limitations for propane dehydrogenation at 823 K 
over transition metal carbide catalysts.  
 
Parameter Value 
robs (kmol kgcat-1 s-1) 3x10-7 
ρc (kgcat m-3) 760 
R (m) 1.5x10-4 
CAs (kmol m-3) 7.6x10-4 (5.2 kPa C3H8 at 110 kPa) 
De (m2 s-1)a 8.5x10-8 (assumed ε=0.35, δ=0.8, τ=6) 
Calculated Weisz-Prater criterion 
(ηϕ2) 2.92x10
-8 
aKnudsen diffusivity was not used because Knudsen number =  kbT/( 2𝜋𝑑8𝑝𝐿) = 0.071. For this 
calculation, d is the collision diameter of propane from Chapman-Enskog theory (5.12 Å), p is 
atmospheric pressue, and L is the average pore diameter. The average pore diameter was 
estimated to be 1x10-8 m from BJH theory of N2 physisorption isotherms.  
 
We can also calculate a Biot number to show the lack of internal heat 
transfer resistances. Bi = h(2R)/ktc, where ktc is the thermal conductivity of the 
catalyst pellet. Thermal conductivity of Mo and C are both 0.14 kW m-1 K-1, so this 
value was assumed for kc of Mo2C. Thus, Bi = 2.27x10-3, showing internal heat 
transfer limitations are negligible compared to external heat transfer limitations. 
These calculations show that the reaction rate is the limiting factor in these kinetic 
studies. 
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D.9 Diffusive timescale and DaII << 1 analysis 
Fick's second law can be solved by approximating the catalyst particle as a 
slab with a central plane of symmetry (solving the spherical geometry with 
spherical Bessel functions will yield time a similar timescale argument) with a 
boundary condition of 𝜃H∗ = 0 at the particle surface. The complete concentration 
profile is expressed in Equation D.4: 
 𝜃H∗ 𝑥, 𝑡 = 2 −1 6𝑛 + 12 𝜋 𝑒B 6Ë
)8 Ì _4Í6gA 𝑐𝑜𝑠 𝑛 + 12 𝜋𝑥  (Eq. D.4) 
   
Where t is dimensionless time non-dimensionalized by the diffusion timescale of 𝐿8 𝐷. Due to the exponential dependence on term number n2, the solution is 
accurately approximated with only the n = 0 term beyond t = 0. Thus, the transience 
of the system should decay on the time scale of 𝜏 = 𝐿8 𝐷. The dependence of t on 
the nature of the reductant implies that this timescale should not be attributed to 
O* diffusion limitations. 
We can now attempt to compare the rate of O* removal to the calculated t2 
from Figure 7.9 in order to analyze the DaII << 1 limit; we will attempt to compare 
the rate of O* removal via H2-reduction (H2O formation rates) to the time constant 
t2. We can estimate the density of surface sites by assuming an average surface 
area of 100 m2 gMo2C-1 and assuming that every surface Mo atom corresponds to 
one site; this is a simple estimate based on an average surface area value of Mo2C 
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knowing that the surface areas of molybdenum oxycarbides are known to change 
upon exposure to O*79,145. Reduction rates were shown to be approximately linear 
with respect to H2 pressure at low catalyst loadings, normalizing the O* removal 
rate from steady state experiments by H2 pressure yields kreduction = 70 µmolH2O 
molsurfaceMo-1 s-1 kPaH2-1. Returning to the transient in Figure 7.9 used to calculate 
t2, we can relate t2 directly to a rate of O* removal by once again assuming a first 
order dependence upon the reductant H2 and approximating the reduction rate 
constant kreduction as 
)h_,ª_. This rate constant accounts for loss from each total 
molybdenum atom due to the equilibrated bulk O* diffusion in the DaII << 1 regime. 
This approximate Mobulk-normalized transient rate constant should be scaled up to 
account for the fact that approximately 25% of Mo atoms are on the surface of a 
100 m2 gcat-1 sample, yielding kreduction ~ 106 µmolH2O molsurfaceMo-1 s-1 kPaH2-1, which 
agrees well with the measured O* removal rate. This analysis implicates that the 
transience of dehydrogenation rates is due to the rate-determining surface 
reduction via H2-induced O* removal of the oxophilic carbide. 
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APPENDIX E 
 
E. REACTOR UNIT DESIGN 
 
 
Scheme D.1. Reactor unit overview 
